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I he theory of the electron synchrotron has been amply covered elsewhere, but the proton 
synchrotron exhibits a number of distinct but important differences particularly at low energies. 

!n the present paper the theory for this latter accelerator is developed with particular reference 
to the problems of injection and stability in the initial acceleration period. This theory' is used 
to set up criteria relating the dimensions of a proton synchrotron to the conditions for stability 
and to the beam intensities obtainable. 


1. INTRODUCTION 

HE theory of orbital stability in an electron 
synchrotron has been discussed by a num¬ 
ber of writers.* Since the energies of the electrons 
which are accelerated by synchrotron action lie 
in the extreme relativistic range, attention has 
been focused largely on the c^se where the elec¬ 
tron sj^eeds are ver>’ close to that of light. There 
then result a number of simplifications of the 
general theory: in particular, the frequency of 
the accelerating r-f voltage may be taken as 
constant. In the proton synchrotron, however, 
particles are to be accelerated from initial ener¬ 
gies, small compared to their rest energy, and 
hence th| frequency of the accelerating voltage 
must be increased monotonicaily and synchro¬ 
nously with an increasing magnetic field. It is 
just this last feature which chiefly distinguishes 


• This report has been supported in part by the Signal 
Corps, the Air Materiel Command, and O.N.R. 

** Work performed as a consultant for the Brookhaven 
National Laboratory under the auspices of the Atomic 
Energy Commission. 

1E. M. McMillan. Phya. Rev. 68, 143 (1945); V. Veksler, 
I. Phys. U.S.S.R. 9, 153 (1945); D. M. Dennison and T. 

Berlin, Phys. Rev. 70. 58 (1946); D. S. Saxon and J. 
Schwimrer, Phys. Rev. 69, 702(A} (1946): N. H. Frank, 
Phys. Rev. 70. 177 (1946); D. Bohm and L. Foldy, Phys. 
Rev. 70, 249 (1946). 


the proton from the electron synchrotron, and 
requires that particular attention be given to the 
effects on the particle motions of departures from 
the desired time dependence of radio frequency. 

No attempt will be made here to describe the 
basic j)rinciples in detail as these have been 
amply covered in the papers on the synchrotron 
listed in reference 1. However, an outline of the 
process by which the equations of motion are 
derived will be presented. In order to simplify 
reference to previous publications, the notation 
employed here will conform, as far as practicable, 
to that employed by one of us^ in an article on 
the electron synchrotron. An analysis of the pro¬ 
ton synchrotron has been presented by a group* 
working at Dr. Oliphant's Laboratory at Birm¬ 
ingham, England. 

U. THE EQUATIONS OF MOTION 

Jt has been shown* that the equations of mo¬ 
tion of a charged particle in an axially symmetric 

*N. H. Frank, Phys. Rev. 70, 177 (1946). 

* J. S. Gooden, H. H. Jensen, and J. L. Symonds, Proc. 
Phys. Soc. London 59, 677 (1947); see also H. L. OHphant, 
J, S. Gooden, and G. S. Hide, Proc. Phys. Soc. London 
59, 666 (1947). 
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magnetic field 0, —-B,) are 

d/dHmr) ^mr¥~~erbBty 
dldi^rnrH — (rf»/2ir) ] 


-(eK/2ir) sin 



(t) 


dJdt{mz)^€rdBrr J 

where m is the relativistic mass, e the proton 
charge, 


^«=2t 



fB^r 


is the total magnetic flux linking a circle of radius 
r, V and w are the peak voltage and angular 
frequency, respectively, of the r-f field across an 
accelerating gap at Radiation effects are 

omitted since, in the proton case, they are 
negligible for energies less than 10* Mev. 

Circular motion in the median plane is 
possible for the particles if the parameters in 
these equations vary with time according to 
certain definite laws. Particles moving in this 
circle, of radius ro, will always arrive at the ac¬ 
celerating gap with the same phase relative to 
that of the accelerating voltage. This quasi¬ 
steady motion is given by the equations 


d/dfCfo''5o-(V2T)]« P/2Tsin^o, 






( 2 ) 


Here Ba and 4>o are the magnetic field at, and the 
flux linking, the circular,orbit of radius ro. 

From these equations there follow directly 
expressions for the kinetic energy E and the re¬ 
quired angular radiofrequcncy wo in terms of Bo 
and fo- They are 


£/mnc® = (I -h (eB oro/woc)*) * -1,1 

(eBoro/rwoc) *1 

rowo/c *-, 

(l + feBoTo/woc)*)* , 

mwo*=eBo, J 


(3) 


where, for protons, woc’“938 Mev. These ex¬ 
pressions are plotted as functions of sBofo/moc in 
Figs. 1 and 2. To pro\dde an idea of the orders 
of magnitude involved, there are presented, in 


Table I, the design data for a proton synchrotron 
intended to yield particles of 10*-Mev energy. 

If the machine is to be run during any part of 
its operating cycle as a betatron with no r-f 
acceleration, the particles will remain in a stable 
circular orbit of radius r. if 


fo*Bo 



B,rdr, 


(4) 


the well-known betatron condition. 

' To find the oscillations about the stable orbit 
and phase in the general case one sets 

r = ro+ar, 1 

«=Wo+Wl, j- (5) 

««= 

where <oi is the departure of the angular radio¬ 
frequency from its correct value m, and ^ is the 
perturbation in the particle angular velocity 
caused by the correct r-f field. We take x, «i, 
and V as first-order small quantities, the squares 
and products of which will be neglected. 

If the vertical magnetic field B. in Uie median 
plane * * 0 decreases with radius in the neighbor¬ 
hood of fo according to the law 

B,*Bo(r/ro)"", (6) 


then n must satisfy the inequality 


0<n<l, 


if the orbit r, is to be stable for both vertical and 
radial oscillations. In the following it will be 
assumed that n is independent of r. 

Substituting from (5) and (6) into (1), for the 
case when the particle is moving in the plane 
c »0, we obtain, after some algebraic manipula¬ 
tion, the following equations describing the phase 
and radial oscillations; 


d /Bqxv 

—I — 1 sBrowoBo 

dt\ <i>o • I \fWowo 


£rro d /Bji 




% Ifi 

X|—hv— 
I fa ^ 


d /Bo±\ 1 

.J —I-) + (l--n)r,B(PC 

dA.ut‘dt\ OK)/ J 

V V ttn^, 


2r 


2* 
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where 

(ejSo/wowo)* (w/wo)^ 

---«:---, ( 8 ) 

(€ Bo / wowo )*""(1 — «) (?n/mo)* — (1 — «) 

with m the relativistic and mo the rest mass of 
the particle, respectively. 

From Eq. (8), it is clear that is a ver>' slowly 
varying function of time, decreasing nionotoni- 
cally from 1/n to 1 as the particle kinetic energy 
increases from zero to infinity. In the non- 
relativistic range of energies, it nia5' he taken as 
constant and equal to l/w. In Fig, 3?; is plotted 
as a function of eBoro/ntoC, 

In the important case where the inequality 

4V 

— -- «\ 

2irro2Bowo»j(l~n)2 


Tablu L Preliminary design data for a lO-Bev 
proton synchrotron. 


Final energy of the protons 
Injection energy of the protons 
Orbital radius 

Final magnetic held at orbit 
Magnetic field at orbit at injection 
Final mdiofrequency 
Radiofrequency at injection 
Frequency range 
Aecelerauon period 
Average energy gain per revolution 


for those particles, the angular momenta of which 
are such that they can perform stable tetatron 
motion in the circle of radius ro. The much lower 
frequency forced oscillations known as the syn- 
(^) chrotron ost'illations Siilisfy the following pair of 
equations : 


10 Bev 
4 Mev 
24,3 meters 
15,000 gauss 
110 gauss 
. L96 Mc/sec. 
183 Icc/sec. 
10.65 to 1 
1 second 
5500 ev 


is satisfied, the equations of motion (7) can be 
regarded as describing two independent oscilla¬ 
tions; the so-called betatron oscillations, which 
are indef>endent of F, satisfy the pair of equations 


x/ro+rt{<p/(^o) =*0, 

d/ Bo \ F . F ^ 

(1—«)ro^—( n— 4 ^ |H-sin^ = —sin^o, 

dt\ Wo / 2ir 2ir 


( 11 ) 


x/ro+ip/m^OA 


<p-4^ + 0)V 


d /Boi\ 

-j-f (1 — n)c*)oBoA:«0, 

di\ 0)0 / 


( 10 ) 


When the inequality (9) is not fully satisfied, 
the two oscillations are coupled, but the effect 


Fio. I, Kinetic encip^ 
of particle* 4 |As a function 
of magnetic field. 
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particle aa a function of mag* 
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of the small coupling term thus obtained is also 
small and does not modify appreciably the phys¬ 
ical behavior of the protons in the accelerating 
chamber. 

Equations (10) are the well-known equations 
of oscillation for betatron particles with both Bn 
and (do slowly varying functions of the time. The 
radial oscillations are essentially sinusoidal oscil¬ 
lations of slowly varying frequency (1 —«)*(do and 
amplitude which is damped proportional to Bn~^, 
Thus, if Xi and are the initial values of x and i, 
respectively,*** 

[*<C 08 ^(l-«)*J*<dodf^ 

where cd,- and Bi are initial values. In view of the 
fact that the betatron oscillations have been fully 
analyzed elsewhere, (see reference 1) no further 
discussion of them will be given here and we shall 
concern ourselves with Eq. (11). 

*** xt ii meaiUFed from that orbit radius which corre¬ 
sponds exactly to the initial kinetic energy. 


The equation that determines the phase oscil¬ 
lations may be written in the form: 

d/ Bo \ V 
(I — »)ro*—I n —V jH— sin4> 
dt\ (do / 2ir 

F d / B»ut\ 

* — sint^’o —(1 — n)ro*—I s-). ( 13 ) 

2r dt\ (do / 

In general. Bo, (d«, t), V, and d'o will be slowly 
varying functions of the time. We exclude for the 
present the exceptional case of transition from 
betatron to synchrotron operation, during which 
V and tl'o may vary in a manner which cannot be 
considered slow. Following McMillan, one may 
interpret Eq. (13) as the equation of motion of a 
circular pendulum of slowly varying mass and 
. length, acted on by a unidirectional Uhigentiai 
force together with an irr^ular forcing term 
depending on duifdt. The motion of sudi a 
pendulum will be oscillatory if ^ never exceeds 
the critical angle w—If it does, the motion 
will be rotatory in an anticlockwise direction 
with increasing angular speed uqder the action 
of the.forcu^ term (V/2ir) sin^e. Physically, the 
particle slips in phase relative to the accelerator 
volts^ and moves continuously from an acceler¬ 
ating to a decelerating phase and back to an 
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accelerating phase» repeating this process. It thus 
gains no energy from the r-f voltage on the 
average. The magnetic field, however, is increas¬ 
ing continuously and hence the particle orbit 
shrinks inward until the particle is lost to the 
walls, according to the first of Eqs. (11). 

m. THB NATURE OF THE SYNCHROTRON 
OSCaLATIONS 

1. Conditions of Acceptance of a Particle 
into the Acceleration Cycle 

Since a necessary condition for continuous ac¬ 
celeration of a particle is that its phase may not 
exceed restrictions on the initial phase and 

phase velocity with which a particle is injected 
into the synchrotron accelerating cycle follow 
therefrom. An exact calculation would require 
knowledge of the time variations of Bo, wi, 
and V> However, sufficiently accurate informa¬ 
tion can be obtained by taking wi “ 0 and neglect¬ 
ing the time dependence of ii, Bo, wo, and V, 
(This is particularly the case during the initial 
non-relativistic stages of operation if the mag¬ 
netic field varies linearly with the time when 
iyJ?o/wo is constant.) 

A first integral of (13) can now be obtained as 
2Qo* 

-£cos^+^ sin^o 

cos^o 

sin^o]+^,^ (14) 

where 

fto' «( Vo)o cos\^o)/(2TroHl -»)n^o), (15) 

and and are initial values, ilo is the angular 


frequency of small synchrotron phase oscilla¬ 
tions about the equilibrium phase ipo> The equiva¬ 
lent pendulum will oscillate between two limiting 
values of 4^ providing the representative point in 
phase space lies within the boundary determined 
by the equation: 

cos^o 

cos^,'+^^,' sin^o- 

2 ^ 0 ® 

= (ir—^o) sin^o — cos^^o- ( 16 ) 

Figure 4 shows the boundary curves for a number 
of values of The extreme phase angle limits of 
the oscillatory motion are given by < ^ < t— 
where is that solution of 

cos^i+^i sin^o== (t—^ o) sin^o—cos^o, 

which satisfies the inequality —In 
Fig. S the total acceptance angle (x—^^^ i)/2t 
is shown plotted as a function of 

2. Oscillation Periods 

Equation (14) cannot be integrated directly 
except in the special case that —0. However, it 
can be integrated numerically for given values 
of ^ 0 , and In Fig. 6 the normalized oscilla¬ 
tion period (the ratio of the period To to 2 t/S2o) 
is plotted as a function of for various 

values of with It will be noted that the 

period increases monotonically with and tends 
to infinity as approaches To get the 

order of magnitude of the periods involved, we 
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use the values, 

5500 volts, 
wo = 4TX10Vsec., 

^o = ir/4, 

ro = 24.3 ni, 

J3n=ll0 gauss = 1.1 Xl0~2 weber/m*. 

This gives Slor^2X10“=*iuo = 8irX W/scc. during 
the initial stages of ojteration; i.c., one phase 
oscillation jxjriod occurs in about 50 revolutions 
of the particle. 

3. The Stability of the Phase Oscillations 

First consider small oscillations about the equi¬ 
librium phase, setting 

^ = ,K<1. 

The equation of undisturbed phase motion be¬ 
comes 


of this equatkm yields 


( Vcoml>onBit\^ / V cos^o)>3o\ 

Ci>0 t ' Wo / 


'U 

X COS sin 1, (17) 


with and is the 

^initial radial distance of the mean betatron orbit 
from the stable synchrotron orbit. 

Thus the amplitude A of the phase oscillations 
varies as 

A^( ---) , (18) 

\ wa / 

where * 

V sin^tt=d/d/[ro‘^J5o—(<t>o/2ir)]. (H^) 


Since 4>o/JBo will l)e essentially constant, inde- 
t>endent of time, one may write alternatively, 

i4 cot^o]~^* (20) 


d / Bo \ V cos^o 

-(ir-«?)+- 

dt\ wo / 2irrn*(l — «) 

and the W.K.B. approximation to the solution 


The two limiting cases of the non-relativistic 
motion with tn^mo and the extreme relativistic 
case with the particle speed practically equal to 
that of light are of particular interest. 



Fig. 4. The acceptance domain in phase space at injection for various values of stable phase 
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Fig. S. The normalized injec¬ 
tion acceptance angle as a func¬ 
tion of the stable pnase 




The Non-Relativistic Case 

In this case is constant and positive 

amplitude damping will occur only if F cos^o 
increases with the time. In practice, Bo will in¬ 
crease with time, the initial curvature being due 
to eddy currents in the magnet core. Injection 
may occur at the start of this cycle or at any 
subsequent^ time. Since V sin^o is proportional 
to dBo/dt, some positive damping can be attained 
in the early stages of the acceleration cycle even 
if ^9 is kept constant. However, this effect is 
small and to obtain appreciable damping it is 
necessary that V be increased more rapidly than 
Bo. The effect of the change in is to alter the 
damping only slightly if cos^o is near unity. 

If V is kept constant, there will be a small in¬ 
crease in oscillation amplitude, proportional to 
(ooB^o)”'*i so that it is desirable to increase V 
during the initial non-relativistic stages of ac¬ 
celeration. (A very small additional damping is 


obtained from the slowly increasing mass during 
these early stages if n> J.) 

An additional reason for the desirability of 
positive damping is that of radiofrequency 
error. Such an error leads to a forcing term 
—ro*(\—n){d/dl)(riBoui/uo). The effects of this 
term will l>e more or less random, sometimes 
increasing and sometimes decreasing the oscilla¬ 
tion amplitude. As time goes on, there will be an 
ever-increasing probability that the fluctuating 
amplitude will exceed the critical limits of Eq. 
(16) and then the particle will be lost. This prob¬ 
ability is of course enormously reduced if steady 
positive damping is present. 

The Extreme Relatmstic Case 

In this case, wo is constant and the phase oscil¬ 
lation amplitude varies as (F cosi^o^o)"^ The 
• increasing magnetic field provides sufficient 
damping so that F may be kept constant. As a 
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Fig. 6. The period of a syn- 
chrotron oscillation as a function 
of the injection phase. 


numerical example of the magnitude of the damp¬ 
ing for the whole cycle, we take 

V'o=constant, 

V increasing from 7700 to 10,000 volts, 

So increasing from 110 to' 15,000 gauss, 
<i)o/2ir increasing from 180 kc/sec. to 2.00 
mc/sec., 
w-3/4, 

and ij decreasing from 4/3 to unity. 

Then, according to Eq. (18), the ratio of initial 
to final amplitude is about 1.9 to 1. 

For large amplitudes, the damping may be 
obtained with the help of the adiabatic theorem. 
This states that the ^taken over a com¬ 
plete libration period of ^ is an invariant for slow 
variations of the parameters in the Hamiltonian 
of the system, with p* the generalized momentum 
associated with the coordinate Now the equa¬ 
tion of phase oscillation can be derived from a 
Lagrangian function 

lrro*(l-«)nBo,1 

* J -- ^ 1^ (cosp-f-^f- sin^f^o), (21) 

2L wo J 2ir 


if effects of frequency error are neglected. Hence 


P* 

and one has 


dL 

dip Wo 



» constant. 


( 22 ) 


If now, at any time, p oscillates between pi 
and pj, these limiting angles are determined by 

/ ijBdF \* 

I I-I [cosp-hp sinpo ^ 

fi Vuo cospo/ ' 

—cospt—py sinpo3*dpa>con8tant, (23) 
where pi and p* are related by • 

cospi-hpi sinpo—cospi—pi sinpo«-0; 

—*■ <pi <po <Po <»—po. 

in the special case po^O, Eq. (23) can be 
evaluated in terms of complete elliptic functions, 
and gives 

Jk[sin(p„/2)3-constant («o/ijBoF)f, 
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with K and E being 

complete elliptic functions of the first and second 
kind. Figure 7 is a plot of A(sin^«/2) against 
the maximum amplitude, and shows that the 
damping for finite amplitudes is in general less 
than for small amplitudes in this case. 

4. The Stability of the Radial Oscillations 

From the solution of the equation for phase 
oscillations, one obtains the radial oscillations 
immediately from the first of Eqs. (11). For 
small oscillations, one has 

X Bi (iy Fcos^oBo/wo)^ 

fo Bq {rfV cos^qSo/coo) 



so that the amplitude A is damped according to 
the law 

cos\koBo/(ii)o)^^'l/BQ, (24) 

The Non-Relativistic Case 

In this case ijBo/wo is constant and the radial 
oscillation amplitude varies as (Fcos^o)V-Bo. 
The increase of V cos^o with time needed to ob- 
tmn a small phase damping must be less than the 
increase of Bo^ with time to insure positive radial 
damping. This restriction is purely academic, 
however, because of the impracticality of attain¬ 
ing such a rapid rate of voltage increase. 

The Extreme Relativistic Case 

Here wo is constant and the radial oscillation 
amplitude varies as (FcosV'o)V^o*. Considering 
the same .fumerical example as in the case of 
phase oscillations, one finds the ratio of initial 
to final amplitude of radial oscillation to be 
48 to 1. 


5. The Effects of Frequency Error 

From the outset, it should be noted that fre¬ 
quency variations which are rapid compared to 
the synchrotron oscillations have a negligible 
effect and will be ignored in the following. De¬ 
partures in frequency from the correct law affect 
boA the radial and phase motions of the par¬ 


ticles. The average position of the particle is 
displaced according to the formula 

x/ro= — i 7 (^+Wi/coo) or —wiii/wo. (25) 

If this displacement is too great, the particle will 
be lost to the walls and hence a definite limit 
exists of the maximum allowed absolute value of 
the frequency error. With A the total oscillation 
amplitude and 2b the width of the accelerating 
chamber, the fractional frequency error must 
satisfy the inequality 

/b^A\ 

— < I- - \n at low energies. (26) 

\ Tq / 7} \ fo / 


This requirement is most severe at injection, as 
then A is B. maximum and a minimum. 

Thus n should be as large as possible in tlie proton 
synchrotron if frequency errors are to be mini¬ 
mized. This is opposite to the betatron case 
where, to minimize errors in satisfying the beta¬ 
tron flux condition, (1—n) should be large and 
hence n small. 

The general analysis of the effect of frequency 
error on the phase oscillations is extremely com¬ 
plicated because of the non-linear character of 
the oscillations. However, the very important 
practical case of a linear variation with time of 
the frequency error allows a solution. If 
wi=»a!/, the equation of phase motion becomes 

d/PorP\ V 
foHl ~ w)“-( n— ) H-sin^ 

dt\ &>o / 2v 


V d /aiiB^ 

- — sin^o—roHl—n)—■(- 

2 t dt\ coo - 


(27) 


In the low energy range, riBn/m is constant and 
(27) takes the form 

B, V V 

ro®(l -sin^«— sin^o', (28) 

0)0 2ir 2r 

with 


V ^ V fo*(l"-»)i7aJ5o 

— sin^o *— sin^o-. (29) 

2r 2r u>o 


Thus the effect of a frequency error is to produce 
a change in the stable phase angle. This will 
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change the amplitude of oscillation and also alter 
the limits of stable oscillation from 

to ^o^ 


where 

cosi^^i+^i sini^^o==(7r —\^o) sin^o —cos^o, I 
sin^o'* (’T—V'o') sin^o'““Cos^o'* I 

The range of for stable phase oscillations will 
increase if |^o'| <^o, hence if 

070^ sin^Q 

0<a<-. 

irro*(l “‘n)i?i3o 


Thus an increase in radiofrequency from the 
proper value is less serious than a corresponding 
decrease. Increasing frequency implies a smaller 
orbital radius and hence a smaller r-f energy gain 
per revolution is required to maintain this orbit 
than an expanded orbit. Particles will be lost if 
their altered amplitudes exceed the limits of 
stable phase oscillation corresponding to the new 
stable phase; i.e., if the representative points in 
phase space fall outside the appropriate boundary 
of Fig. 4. 

In general the oscillation amplitude will de¬ 
crease if <^o, but the amount of this de¬ 
crease depends on the exact phase when the fre¬ 
quency begins to depart from the correct law. 
Finally, the speed with which the average radial 
position follows the frequency change is limited 
by the period of synchrotron oscillations. Thus 
essentially no change in radius will occur until an 
elapsed time equal to an appreciable fraction of 
the synchrotron period. 

As pointed out, a negative frequency error 
increases the stable phase angle and decreases 
the stable phase range with a resulting loss of 
particles. 

The principal conclusions may be summarized 
as follows; 

i. The synchrotron oscillation frequency is 
small compared to the accelerating radiofre¬ 
quency, from 50-200 times smaller in the case 
under discussion. 

ii. The radial oscillations are heavily damped; 


( V cos^on^oX * 1 

Wo / 


Bn 


HBon 


in. The phase oscillations are very lightly 
damped; 

/ F cos^oijBoX"* 


K- 


Wo 


r 


In the non-relativistic region there is no damping 
unless V increases with time. 

iv. A number of constraints exist on the allow¬ 
able frequency error. The most important is that 
‘’the long term error satisfy the inequality 


wi i/b“~A 
Wo 


1 /b-A\ /b-A\ 


for the non-relativistic case. This constraint be¬ 
comes less sever® as time increases because A 
decreases as i/Bo. 

V. It is desirable to make n as near unity as 
possible from the standpoint of synchrotron 
oscillations. 


IV. INITIAL BETATRON ACCELERATION 

In the majority of existing electron-synchro¬ 
trons the machine is operated initially as a 
betatron in order to obviate the necessity for fre¬ 
quency modulation of the r-f accelerating voltage. 
It has been suggested that a stage of betatron 
acceleration be utilized in the proton synchro¬ 
tron not, of course, to remove the necessity 
for frequency modulation, but to reduce the 
range. This will be particularly valuable in a 
machine that employs a resonant tuned acceler¬ 
ating cavity and yet requires a large accelerating 
voltage over the whole frequency range. It is 
correspondingly less useful if an untuned ac¬ 
celerating system is used. 

The maximum particle energy attainable in 
the betatron phase will be determined by eco¬ 
nomic considerations; the minimum initial energy 
will depend upon the injection system and will 
be limited by the necessity of avoiding excessive 
gas scattering. 

There are, however, additional arguments in 
favor of a betatron acceleration phase, and as 
some of them are peculiar to the proton synchro- 
troA, they will be discussed in greater detail. It 
should be emphasized from the outset that we are 
now only concerned with die case where the 
betatrmi phase carries the partides up to eneig^ics 
of a few Mev. 
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It has been stated above that the amplitude of 
the horizontal oscillation in a synchrotron is the 
sum of the high frequency betatron and of the 
low frequency synchrotron oscillations. If par¬ 
ticles are injected into the betatron phase, the 
low frequency oscillations will not be present, 
and we can use this fact either to lower the toler¬ 
ance on the injection energy or to increase the 
number of particles accef)ted into the accelera¬ 
tion cycle. 

The use of a betatron phase also enables us to 
get increased phase damping in the early stages. 
If the r-f voltage be turned on while the betatron 
condition is satisfied, synchrotron oscillations 
will take place about a stable phase angle of zero. 
Under these conditions the stable acceptance 
angle is equal to 2ir. If now the r-f voltage in¬ 
creases linearly with the time to a limiting value 
V in time To, then the particles will \k'. bunched 
aIx}Ut zero phase. 


If 




Kwo COS^o 


2irro*(l —w)t;Bo 
then the phase of a particle at time T is given by 
^,ao.^r(2/3) 








where is the injection phase, and we have 
made the approximate assumption that ypi is 
small. If ToQo is an asymptotic expansion 
may be used to yield 






1 /fio.y 3^'**n2/3)/7'oy 
1 /noi^*3'/®r(2/3) 


(31) 


where subscript i refers to initial values and sub¬ 
script F refers to final values. 
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In the numerical case quoted above where V 
is taken to be 10,000 volts and To is the time 
required to raise the energy of the particle to 
8 Mev, 

1/2.3, 

a larger damping than that obtained during the 
entire synchrotron acceleration period. The 
damping for large phase angles will be less than 
this, but even so, by far the great majority of the 
particles injected will be accepted into the syn¬ 
chrotron acceleration cycle if this prebunching is 
employed. In addition a much smaller percentage 
will be lost because of random frequency errors. 

It will be noted, from Eq. (31), that the 
amount of damping obtained depends very little 
upon the amplitude of the r-f voltage; in fact, 
Thus the bunching can be obtained 
with an r-f voltage only a small fraction of that 
which would be needed in the synchrotron phase. 
This may be important if the r-f accelerating 
system is a resonant one. 

To conclude this section we shall give a brief 
discussion of the effect of an error in the betatron 
flux condition. In the so-called flux-forcing 
scheme, prescribed by D. W. Kerst, the betatron 
coil is placed partly in series, partly in parallel 
with the field coils, the whole system being 
powered from the same generator. Under these 
conditions it can be shown that there is a self¬ 
compensation mechanism which automatically 
preserves the correct field-flux ratio. However a 
complicated switching problem arises if this 
scheme is to be incorporated into the proton 
synchrotron, where the current in the betatron 
coils has to be turned off at some point in the 
acceleration cycle. Accordingly, it may be neces¬ 
sary to power the betatron flux coils from a 
separate generator, and then the possibility 
arises that the flux is out of phase with the field 
in the accelerating chamber. One way of avoiding 
this trouble is to provide an additional field- 
compensating coil, the current in which is auto¬ 
matically adjusted to give the correct flux-field 
ratio. Alternatively, the correct orbit can be 
maintained by a small r-f voltage. 

Let it be supposed that the betatron flux de¬ 
parts by a small amount A4>o from the correct 
value and that the r-f frequency error is wi, then 
the particles in the acceleration chamber will 


oscdlate about a stable phase angle given by 
d 

V sin^isr =—[]A4 *o'“2sto*5o( 1 **w)ctfiiy/a)o]]» (32) 
dt 

and ypB can be held small, even with small F, if 
A#o and m are small. If prebunching is used, it 
may thus be unnecessary to employ any auto¬ 
matic flux compensation even if 

A^o/4>o^[(l“n)(6-"A)]/ro, (33) 

where A is the amplitude of the betatron oscilla¬ 
tions and 2b the width of the acceleration cham¬ 
ber. The inequality (33) gives the condition that 
the particle be lost to the walls in the absence of 
an r-f voltage. 

% 

V. INJECTION METHODS 

A number of injection methcxls have been pro¬ 
posed for the proton synchrotron. For injection 
directly into the synchrotron stage of operation, 
it is convenient to classify these methotls into 
one or more of the four following categories. One 
attempts to avoid loss of. injected particles on 
subsequent revolutions to the gun by 

(1) Adiabatic dampintf of the oscillations Ixjfore the 
particles return to the gun, 

(2) Rapid decease of the free-oscillation amplitude by 
the use of auxiliary transient fields, 

(3) Rapid decrease of synchrotron phase and radial 
oscillations by rapid alteration of the stable phase angle, 

(4) Adiabatic shift of the stable orbit by frequency 
modulation of the r-f accelerating voltage. With a pre¬ 
liminary betatron stage, methods (1) and (2) are p)ertinent 
in addition to the possibility of an adiabatic shift of the 
betatron orbit. 

Most likely injection will take place with 
energies in excess of 1 Mev, into an initial mag¬ 
netic field greater than SO gauss, from an auxili¬ 
ary accelerator by means of a suitable gun. In 
practice, intensities will be so low that the effects 
of space charge, even during injection, can be 
neglected. We shall not concern ourselves with 
the nature of this primary accelerator. When in¬ 
jecting directly into the synchrotron phase, it is 
desirable to minimize the horizontal betatron 
oscillations by making the injection momentum 
correspond to the value of at the injection 
orbit. If particles are injected over a number of 
r-f cycles while the magnetic field is increasing, 
one should increase the injection energy in step 
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with the magnetic field. This is not too difficult 
if the initial accelerator is a low energy trans¬ 
former but it is niuch harder if a Van de Graaff 
accelerator is used and probably impossible if a 
cyclotron or linear accelerator is employed. 

We shall now discuss four alternative injection 
proposals, chosen to illustrate the four basic 
methods stated above. The first one is discussed 
in somewhat more detail than its importance 
warrants because it serves to clarify the difficul¬ 
ties inherent in injection. The numerical esti¬ 
mates for the number of particles accepted into 
the acceleration cycle are derived for the machine 
described by the data in Table I. 

I, Adiabatic Damping of Oscillations before 
Particles Return to the Neighborhood 
of tbe Gun 

In this system the gun is located vertically 
above the central orbit and particles are injected 
over several r-f cycles. It is highly desirable that 
the particle energy on injection just equal the 
energy appropriate to the central orbit, so that 
for maximum intensity the injection gun's energy 
must be modulated. Let us start by supposing 
that the injection energy has just the correct 
value and consider the effects of departure from 
this energy later. Furthermore let us for the 
moment neglect the fact that the injected beam 
has a certain angular spread. 

Consider a particle arriving at the acceleration 
gap with a phase The initial value of the radial 
velocity is given approximately by 

Xi ^ F(sin^—sini^'o) 

---^ 

fo 2irro*(l —n)Bo 

so that during a single revolution the particle 
moves radially a distance xi given by 

F(sinV^—sin^o) eV{ein4^ —8m^o)^'o 
(l-»)roBowo " {l-n)2Ei ' 

with Ei the injection energy. 

If the accelerating gap is located near the gun, 
xi is the radial distance the particle traverses 
before returning to the neighborhood of the gun. 
If »i>r, the half-width of the gun, the particle 
will certainly not be lost in the second revolution. 
Another circumstance which allows the particle 


to miss the gun is that the frequency of the ver¬ 
tical betatron oscillations is (n)*/o, where /o is the 
particle rotation frequency. If the particle is in¬ 
jected at a height h above the median plane, it 
returns to the neighborhood of the gun at a 
height h cos(2ir(w)*). Thus if A(l — co823r(n)*)>I, 
the half-thickness of the gun, the particle will 
not be lost even if |xx| <s. In practice one can 
choose n so that the particle first returns to the 
vicinity of the gun after about five revolutions, 
although ideally it is possible to increase this to 
2ir/cos“^(l“///i) revolutions if h is increased 
suitably to allow for the length of the gun and 
the finite spread of the input beam. This assumes 
that all but a few particles miss the gun on the 
first few revolutions. 

The particles escaping the gun during the first 
few revolutions will not return to the gun for a 
half-period of a synchrotron oscillation. In this 
time the amplitude of the vertical oscillation will 
be damped to 

Bi y r /oFsin^ol 

Bi+{l/2Qo)(dB/dt)/ ^ L 4fia£,- J’ 

and if (/iFsin^o/4£,)(/o/no) </, the particles 
will not be lost to the gun on subsequent revolu¬ 
tions. In practice, this is impossible to achieve 
and a certain proportion of the particles will be 
lost, equal very roughly to (l/7r)[cos“Hl 
The oscillation period of a particle depends on 
its injection phase as well as upon Bo» woi and F, 
all of which change continuously with time. Since 
the synchrotron period is much larger than a 
period of vertical betatron oscillations, we can 
regard their relative phase as a random quantity. 
With these assumptions, the total number of 
particles accepted into the machine of Table I is 

where 

hV sin<lio/ fo\ 

4£i \aj~ ’ 

S is the total number of cycles over which injec- 
' tion takes place, Ei the injection energy in Mev, 
and I the injection current in microamperes. 
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Table II. Number of pardde» accepted with 
different injection^schemea. 


Injection of Gun energy Injection 

scheme partlciee _ moduUtw _ ' period 

5.2 1.9X10»* No 4 Msec. 

5.3 4.6X10« No 12S*i8ec. 

5.4 7.5X10>« Yes 250/*8ec. 


If particles are not injected with the correct 
energy they will have, superimposed on the hori¬ 
zontal synchrotron oscillations, horizontal beta¬ 
tron oscillations of frequency (1—«)*/o. This 
means that the particles will reappear in the 
vicinity of the gun at intervals during the time 
required for the radial synchrotron oscillation to 
move a radial distance equal to the sum of the 
gun thickness and twice the amplitude of the 
horizontal betatron oscillations. Thus the possi¬ 
bility of losing particles to the gun is very greatly 
increased. 

2. Single-Shot Injection 

In this system an auxiliary electric field is 
maintained for a time interval less than the rota¬ 
tion period of the particles to remove completely 
the vertical betatron oscillations. The gun is 
located exactly as in case (1) and a uniform ver¬ 
tical electric field is established over an arc of 
the acceleration chamber. The field strength and 
arc length are to be so chosen that the injected 
particles emerge into the field-free region with 
zero vertical velocity, and by tilting the gun the 
arc length may be shortened. These particles 
will remain in the median plane until they return 
to the gun. If by this time the vertical electric 
field has been removed, the particles will con¬ 
tinue to move in the median plane and none will 
be lost to the gun. 

When the finite spread of the injected beam is 
taken into account, one can shdw that, as far as 
subsequent oscillations are concerned, the elec¬ 
tric field serves to move the gun into the median 
plane. In this system particles can be injected 
only over a single cycle and the resulting loss of 
intensity may require compensation by the use 
of an exploded ion source. An important ad¬ 
vantage is that initially the particles are essen¬ 
tially all grouped along the central line of the 
acceleration chamber, while pulsing the source 
will ensure that no wasted particles are intro¬ 


duced into the chamber. This amumiement is 
very desirable from the point of view of an auto¬ 
matic frequency control system, which is par¬ 
ticularly necessary during the initial stages of 
operation, and it may well become the determin¬ 
ing factor in the choice of an injection system. 

If upon injection the particle energy is Bi Mev, 
one can show that the total number accepted into 
the acceleration cycle will be equal approxi¬ 
mately to 

(34) 

with 1 the injection current in microamperes and 
^0 the stable phase angle. 

3. Rapid Change of the Stable Phase 

If the stable phase angle for synchrotron oscil¬ 
lations be suddenly changed, the particles will 
e.xecute new oscillations with decreased or in¬ 
creased amplitudes depending on their phase at 
the instant of change of the stable phase. Thus 
some of the particles will have their maximum 
phase velocity and hence their maximum radial 
displacement from the stable orbit decreased, 
and one has a mechanism for capturing particles 
into synchrotron acceleration without hitting the 
injecting gun. 

Since the sine of the stable phase angle is pro¬ 
portional to the time rate of change of magnetic 
field and inversely proportional to the accelerat¬ 
ing volti^e, a sudden change in either of these 
quantities will provide the necessary sudden 
change in stable phase. Particles are injected 
from a gun placed on the inside of the accelerat¬ 
ing chamber in the median plane (to keep the 
vertical aperture a minimum). 

During injection the r-f voltage is maintained 
at a constant frequency with a constant m^netic 
field, so chosen as to keep the stable orbit 
centered in the accelerating chamber. The ma¬ 
chine thus acts as a d.c. cyclotron or as a syn¬ 
chrotron with The sudden jump in 

occurs when the a.c. magnetic field is turned on. 
A particle arriving at the accelerating gap durit^ 
the injection period with a positive phase will 
pick up energy and move inwards into the 
chamber. If the radial displacement in a single 
revolution exceeds half the gun width, the par- 
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tide will not hit the gun on the second revolution. 
In a practical case this radial shift is so large that 
practically all the particles arriving at the gap 
with positive phase will miss the gun and all those 
arriving with negative phase will be lost to the 
inner walls or to the gun. 

During injection the phase motion of the pro¬ 
tons is that of the free oscillations of a pendulum 
with arbitrary initial phase and initial phase ve¬ 
locity given by —wojod/ro, with d the distance 
of the gun from the stable orbit of radius ro. Thus 
the phase angle ^ is an elliptic function of the 
time. In particular, if the a.c. magnetic field is 
turned on at a definite instant of time, tlie phase 
ypp and phase velodty at this instant can be 
written in terms of and If now is the final 
stable phase angle, it follows readily that the 
particle will be accepted into the acceleration 
cycle if the following inequalities arc satisfied: 


^<>0, 


Vfo/ vn«o/ Vnoio' 

XCCcosvf'o—C08i|'f)-(^i>--^o) sin^o], 
cos^f'o—cos^^F —lAo) sin^o 


(35) 


an approximate expression for 0, obtained by 
replacing the elliptic functions by trigonometric 
functions, may be written as 

r'r /2dru»t \1* 

0=— I I ^0 sinyl-amy 11 dy, (36) 

Oo "o L V foSo ' J 

which is valid when 2<fn<i>o/ro£to>^«* (/o is the 
frequency of rotation of the particles.) 

If numerical values taken from Table I are 
inserted, it can be shown that the total number 
of particles accepted into the stable phase range 
is given by ^ 

7V^6.3X10V^—^ , 

with I the injection current in microamperes, £»• 
the injection energy in Mev; has been taken 
as ir/4, and it may be noted that N varies slowly 
with ^ 0 . 

The chief advantages of this scheme are the 
following: 

(a) No auxiliary equipment is required. 

(b) It is not necessary to energy-modulate the gun. 

(c) There are no critical timing circuits. 

(d) The attainable intensity is at least as great as that 
for any of the proposed alternatives. 


+- 


Vn«/ 


2\Qo 


<cos2^o—(x —2^o) sinV'o, 


4. Adiabatic Shift of the Stable Synchrotron 
Orbit by F-M Techniques 


with Oo*nwoV'/[2Tro’(l —n)jBo], the angular fre¬ 
quency of small free oscillations during injection. 
The first inequality states that the particle does 
not hit the the gun or inner wails on the first 
revolution. The second is the condition the am¬ 
plitude of the new radial oscillations be less than 
the distance of the gun from the stable orbit, 
and the third condition ensures that the particle 
does not move out of the stable phase range for 
oscillations on subsequent revolutions. 

Inserting the expressions for and iZ-f into 
the conditions (35) then gives the acceptable in¬ 
jection phase angle as a function of the time of 
injection of the particle relative to the instant 
when the magnetic field is turned on, Summing 
over all injection times for which the acceptable 
injection phase angle is positive, one then can 
obtain the total range of acceptable phase angles 
8 for all the particles which are injected. This 
process will not be carried out here in detail but 


The scheme described here is essentially that 
proposed by D. M. Dennison for the electron 
synchrotron at the University of Michigan. The 
very different conditions at injection in a proton 
synchrotron, however, result in considerable 
difference in detail. 

Consider particles injected from a gun at the 
outside of the accelerating chamber. Initially the 
radiofrequency is chosen so that the stable orbit 
passes through the gun and this frequency is so 
modulated that the stable orbit moves in toward 
the center at a steady predetermined rate. Par¬ 
ticles are injected in bursts over a time interval 
encompassing a number of revolutions so that 
energy modulation of the injector is necessary to 
attain maximum beam intensity. 

Particles will miss the gun during the next few 
revolutions provided they arrive at the accelerat- 
' ing gap with negative phase. Furthermore, if the 
time required for the stable orbit to readi the 
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center of the chamber is not much longer than 
the synchrotron oscillation period, particles will 
not be lost to the gun. If they are lost at all, they 
will be lost to the inner wall. 

The phase acceptance angle on the first revo¬ 
lution must lie within the limits 
where is the stable phase angle during injec¬ 
tion. As the stable orbit moves inward the phase 
acceptance angle will decrease, for a given ampli¬ 
tude of synchrotron oscillation, vanishing when 
the stable orbit reaches the center of the chamber 
since the maximum amplitude of radial synchro¬ 
tron oscillation equals the distance d of the gun 
from the central orbit. 

If the frequency error has the form 

wi = a)oC““ (nrf/ro)+a/l, (37) 

the first of Eqs. (11) yields 

x/fo ‘^dj To — (^ +o>oat/no>(t ), (38) 

and the second, in the non-relativistic range 

which applies at injection, yields for the equation 
of phase oscillation: 

(l-«)ro'J5o,. V ^ V ^ 

-—— \l /-\— sin^«— sinV'o^ (‘^^) 

ncoo 2t 2ir 

with 

27rro*(l 

sin^o' - sin^o--. (39a) 

ftoJo V 

From Eq. (38), one sees that the stable orbit, 
which initially lies at a distance d from the center 
of the chamber, moves toward the center at a 
constant rate, so that the frequency law (37) 
accomplishes the desired result. If the stable 
orbit is to reach the center in a time less than one 
synchrotron period, a must satisfy the inequality 

nd Won V 

a> -with =-. 

ro 2t 2Tro*(l^n)5o 

If furthermore l^o'l is not to exceed |^o|, then 
«<(flo7«o)2no'sin^o, so that we have, as an 
additional requirement, 

2Do' sin^o nd 

- > -, 

COo 27tT0 

For the 10-Bev machine this inequality is cer¬ 
tainly fulfilled and allows a decrease of V during 


injection with a consequent decrease of Do' and 
increase of the number of particles accepted into 
the stable phase range. 

We now consider the particles to be injected 
in bursts with a recurrence frequency /o equal to 
the rotation frequency of the particles. If the 
phase of a particle injected in the 5th burst is 
and the energy is appropriate to the injection 
orbit, then the particle will not be lost to the gun 
subsequent revolutions if 

[(D’ 

nd 
to 


jcos^o'^—co8^,'+ sin^o' I n 

+-- 

2S‘ro^(l *^w)J3oWo J 


From this one sees that there is no point in in¬ 
jecting particles after the orbit for which 

5^ifo/ot)(nd/ro). 

The total number of particles accepted is given 
approximately by 


/ 4 \ • / 2^0 \nd fo 

N^lOUl — ) ( 1 -)-, 

\Ei/ \ T / fo ot 


with Ei the average injection energy in Mev, 
the stable phase, and I the beam current in 
microamperes. 

Since the above expression is inversely propor¬ 
tional to a, the maximum number of particles 
will be obtained when a^ndJrQ^U^Jlir, In this 
case 



It is virtually impossible to attain this value in 
practice and a much more realistic value is that 
for which a * »in^o)/«oi i-e., with In 

this case 


ATSIO**/ 



If the gun is not energy-modulated, injection 
will start when the energy required in the emtrat 
orbit equals the injection energy, and will cease 
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when the energy appropriate to the injection 
orbit equals the injection energy. The accepted 
number of particles will then be very much re¬ 
duced and is probably no greater than that ob¬ 
tained by single-shot injection* 

The numerical results obtained in this section 
are displayed in Table II. In all cases we have 
taken, = 4 Mev, i^o = ir/8, /=! milliampere. 
Since the |>eriod over which injection takes place 
varies widely from scheme to scheme it may seem 
unfair to assume that the peak injection current 
is the same in all cases. However, the general 
problem of obtaining high density proton beams 
at several Mev is still too uncertain to warrant 
any other assumption. 

We have now given one example of each of the 
four main alternative injection schemes. Of these, 
if intensity is not the primary consideration, the 
single-shot scheme is most attractive. In contrast 
to the other methods, the injected ions are caught 
into the acceleration cycle and lie initially in the 
central orbit. This is highly desirable in view of 


the proposed frequency-control system which, 
with this injection system, can operate right 
from the beginning when control requirements 
are most critical. In the other schemes, a large 
number of particles not caught into the accelerat¬ 
ing phase will drift to the inner wall. Until all 
these have been removed, the frequency-control 
system cannot begin to function properly. 

If maximum intensity is the primary factor, 
probably scheme (3) is next best because of its 
simplicity. No energy modulation of the gun, no 
auxiliary electric fields or special frequency- 
modulation techniques are required, and the 
timing of the various steps in the injection proc¬ 
ess is not critical. 

It must be emphasized once again, however, 
that a large number of alternative injection 
schemes of greater or lesser complexity can be 
evolved, each with advantages peculiar to itself. 
In a practical case a choice can only be made 
when all the relevant factors are taken into 
account. 
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A Double-Channel, Direct Reading, Low Frequency Counting Rate Meter and 

Cotmting Rate Comparator* 

Robert M. Kloepper and Frank E. Hoeckbr 
Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 
(Received August 30, 1948) 

A two-channel, direct readinR counting rate meter for measurement of low frequency (average 
random or uniform) pulse rates in either channel or in both channels simultaneously is described. 

The outputs of two degenerative vacuum-tube voltmeter integrating circuits are combined 
into a bridge circuit whereby the equality of pulse rates in the two channels may l>e determined 
on a nuU-reading galvanometer. An impulse register amplifier is provided on each channel 
for operation of impulse counters for monitoring and/or calibration. The five ranges provided 
are 0-100, 200, 500, 1000, and 5000 pulses per minute. Although primarily designed for the 
specific purpose of adjusting two atmospheric pressure wire plate alpha-particle detectors 
(W. y. Chang and S. Rosenblum, Phys. Rev. 67, 221 (1945)) to equal average pulse rates, 
the circuit design may be modified to detect pulse rate ratios other than unity, pulse rate 
di^erences, and/or pulse rate ranges other than those enumerated above. 


L INTRODUCTION 

HE instrument to be described was devel¬ 
oped for the purjRjse of matching the 
counting rates of two atmospheric-pressure alpha- 

*Thia work was sponsored by the Office of Naval 
Research under Contract N6onr*260-TO-L 


particle detectors used in measuring the range 
of alpha-particles in various substances. Two 
alpha-particle detectors were used in order to 
balance out the effects of factors which might 
affect the counting rate of a single detector such 
as fluctuations in supply voltage^ temperature, 
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Part 

number 

Value* 

Cl A-B** 

O.OL mica 

C3A-B 

0.003, mica 

C3A-B 

0.26, 500 T 

C4A-B 

0.0006, mica 

CftA-B 

0.0006, mioa 

CftA-B 

0.6, 400 V 

C7 A-B 

10.60y 

etectrdytio 

C8A-B 

0.25.600 V 

0»A-B 

0.0005, atlver mica 
or oeramic 

CIO A-B 

0.0002, ceramic 

cn A-B 

0.006, 400 T 

CI2 A-B 

0.02, 400 T 

Cla A-B 

10, 60 V, 

eleetrolytic 

C14 A-B 

2.e00v, 
Dykanol A 

Cl6 A-B 

0.1,400 V 

Gift A-B 

0.00012, nlver mica 
or ceramic 

C17 

60 X50.160 V. 

electrolytie 

018 

8X8, 460 V, 

electrolytic 


Fart Dumber 


Rl3 A-B 

Rift through R30 A B 

R22A-B 

R31 

K34 

6«1 

8w2A-B 


Part 

number 


Value* 

R1 A-B** 
R2A-B 

iMw 

600M 

U; 

Ra A-B 

200M 

l w. 

R4 A-B 

830M 

1 w. 

Rft A-B 

260M 

1 w. 

m A-B 

330M 

1 w. 

R7 A-B 

260M 

1 w. 

m A-B 
RO A -B 

1 Mcf 
lOOM 


RIO A-B 

iMeg 

1 w. 

RU A-B 

lOM 

1 w. 

HI2 A-B 

iMec 

if. 

R18 A-B 

2M 

Hbeo. 

Rl4 A-B 

600M 

1 w. 

R16 A-B 

10M-40M*** 

1 w. 

RI6 A-B 

26M 

Pot. 

K17 A-B 

26M 

Pot. 

R18A-B 

25M 

Pot. 

R19 A-B 

16M 

Pot. 

R20A-B 

20M 

Pot. 

R21 A-B 

3300 

3 w. 

1122 A-B 

IM 

Pot. 

U23 A-B 

SOM 

1 w. 

R24 A-B 

10 Meg 

4 w. 

R26A-B 

30 Meg 

1 w. 

R2«A-B 

10 Meg 

Iw. 

R27A-B 

30 Meg 

Jw. 


Panel eontrol title 


number 

Value* 

K28 

1000 4 w. 

R26 

27 4 w. 

R30A 

3000 iw. 

K30B 

3900 ftw. 

R31 

300 Rheo. 

R33A-B 

35# Meter ahunt 

R33 A-B 

13M Iw. 

R34 A-B 

3M Kheo. 

R36 A-B 

IMeg 4». 

Rse 

60 1 w. 

R37 

lOM 300 w. 

Has 

3M 6v. 

Chl-Ch3 

8-16h., 160 ma 

QhB 

SR 

lOb.. 16 ma 
Selenium raetiner. 


laov, 100 ma 

T1 

S76<0-376 V, 160 ma. 


6 V, at 8 amp. 
ft.3 V at 6 amp. 

T3 

no V to 140 V 


Fhri number 


ADJUST OUTPUTS OH A-B 
CALIBRATION eontrole 
ADJUST BIAS CHA-B 
BRIDGE mo 
METER ZERO CH A-B 
CHANNEL INPUTS 
3ft00 PPM INPUT CH A-B 


Swft 

Sirft 

B«A^A-B 

8w7 

SwftA-B 


Pari 

number 


Value* 


Swl 

8w2 A-B 
Swft 

B«4 A-B 
SvA-6 A-B 

8w7 A-B 

Sw8 

Sir« 

Vi A-B 
va A-B 
V8A-B 
V4A-B 
V« A-B 
ve A-B 
V7 

V8*va 

VlO 

vn 


3<«ireuit, three 
peaiHoa toggla 
Puah boUoa, 
normally open 
8.p^t toggle 
D.p^t, tog^ 
4-qMLi^ 
portion. roUry 
A-ctreoit, three 
Miition. r^ary 
PtMh button, a.p^i., 
junonliy open 

«8I7 

(18J7 

ft8J7-QT 

dACr 

flAQ7 

m 

VRIOMO 

VRIIKHK) 

VRIOS^ 


Panel eoatrot title 


HIGH VOLTAOE ON-GTF 
EANaBmA-B 
METERSWITCH 
CHANNEL RESET CH A-B 
BRIDGE ON-OFF 


*Ca{NMity ia pven in nuerofarade; reriaUnca in obme. 

(or lettere) following the part number deeignatee the ehanaei (or ohaonehf) in wMdt that part may be found. 

*** Mufi be adiueted by trial. 
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humidity, and atmospheric pressure. This was 
accomplished by using the counting rate of one 
of the detectors having a fixed source and source- 
distance as a reference to which the counting 
rate of the measuring detector was adjusted, both 
detectors being operated from the same high 
voltage source. The adjustment of counting rate 
of the measuring detector was effected by varying 
the distance between the alpha-particle source 
and the detector. 

Pulses from the two alpha-particle detectors 
are fed into the separate channels of tlie two- 
channel pulse rate comparator. The circuit of 
this instrument consists of two essentially identi¬ 
cal channels, each composed of an input amplifier, 
a pulse equalizer, and a pulse amplifier of variable 
gain for range selection which is directly coupled 
to an RC integrating circuit and to a vacuum- 
tube voltmeter. The vacuum-tube voltmeter 
circuits are coupled to form a pulse rate com¬ 
parison bridge. The bridge balance indicates 
equality of average pulse rates. 


2. THE CIRCUIT 


The two channels of the counting rate meter 
are essentially identical as may be seen by 
reference to the circuit diagram, Fig. 1. Switch 
Swl permits the input pulses from either input 
jack to be placed in both channels simultane- 
misly, principally for calibration or for calibration 
checking, or to be placed through their channels 
individually. The tubes VI, V2, and V3 comprise 
the input amplifiers and pulse equalizer circuits 
which are essentially those of Kip et al} 

The theory of the integrating RC “tank” 
circuit and its associated statistical limitations 
are adequately discussed elsewhere.^”** It may 
be showni that the voltage on the integrating 
condenser is proportional to the frequency of 
the impressed pulses, the value of the RC tank 
leakage resistor, and the size of the pulses 
impressed upon the integrating condenser, 

The method of range switching and of coupling 
the pulses from the integrator tube (V4) to tlie 
vacuum tube voltmeter (VTVM) circuit is 

and Tuttle. Rev. Sci. Inst. 17, 

. Evans, and H. E. Edgerton, 
5). 

Evans, Rev. Sci. Inst. 7, 456* 


^2^ Kip, Bousquet, Evans, 

S, Gingrich, R. D 
Rev. Sd. Inst 7, 4Sd (193i 
, I Schiff and R. D. 

am 


Table L Tabulated RC, percent probable error (;^) 
and equilibrium time (U) for the chosen compromise in 
the counting rate meter design. 


Count iiig 
rate 
(PPM) 

R 

(megohms) 

RC* 

(mmuteB) 

( 4 ) 

to 

(minuter) 

200 

60 

2 

2.4 

7.5 

100 

60 

2 

3.5 

6.8 

50 

60 

2 

4.8 

6.1 

20 

60 

2 

7.4 

5.2 

500 

40 

4/3 

1.9 

5.3 

200 

40 

4/3 

2.9 . 

4.7 

100 

40 

4/3 

4.2 

4.2 

50 

40 

4/3 

6.0 

3.8 

1000 

30 

1 

1.5 

4.4 

500 

30 

1 

2.2 

4.0 

200 

30 

1 

3.4 

3.5 

100 

30 

1 

5.0 

3.1 

5000 

10 

1/3 

1.2 

2.3 

2000 

10 

1/3 

1.8 

2,1 

1000 

10 

1/3 

2.5 

1.9 

500 

10 

1/3 

4.9 

1.8 


* Capacity C ia 2 microfarads. 


adapted from that of Kip et al.^ The rotary 
switch RANGE CH A* (see F'ig. 1) consists of 
Sw5 and Sw6, ganged on a common shaft. The 
gain of the integrator tube (and, therefore, the 
amount of charge transferred to the RC tank 
circuit per pulse) is controlled by variation of 
the screen voltage of the tube (V4). Sw5 selects 
tlie output voltage of the potentiometer appro¬ 
priate to the screen voltage of the integrator 
tube for the range chosen. At the same time 
that the gain control is selected by Sw5, Sw6 
changes the value of the leakage resistor R24-27: 
since the integrating condenser C14 remains 
constant, this change in leakage resistance modi¬ 
fies the time constant of the memory circuit in 
accordance with the values of Table 1, selecting 
those values of RC which are a compromise 
between long equilibrium times and large frac¬ 
tional probable errors resulting from statistical 
fluctuations. A ganged Sw5-6 is provided for 
each channel. The OFF position of SwS—6 puts 
a direct short across the tank condenser at the 
same time that the integrator screen voltage is 
lowered nearly to cathode potential so that the 
stage gain is zero. 

The location of the tank circuit requires that 
the VTVM grid operate at the plate potential of 

‘ CH A and CH B mean Channel A and Channel B, 
respectively. 
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VTVM 



NOTE AU voltages MEASURED WITH RESPECT TO GROUND 

Pig. 2. Simplified diagram of the integrator and vacuum-tube voltmeter circuits, showing method of bias application 

to the latter. 


the integrator. Rather than allow the VTVM to 
“float” at a potential of 105 volts above ground, 
the cathode of the integrator tube was lowered 
to 105 volts below ground potential. This circuit 
places the plate of the integrator tube only 
slightly above ground potential by the amount 
of positive bias on the VTVM grid. This circuit 
has the additional necessary advantage over 
tliat of Kip et al} that the bias and, conse¬ 
quently, the plate current of the VTVM may 
be adjusted. 

The plate voltage of the VTVM is that be¬ 
tween ground and the •+■ 150-volts supply. R30 
is the VTVM degenerative resistor; its value of 
3000 ohms gives a voltmeter sensitivity of 
'approximately full-scale deflection of the meter 
(5 ma) at a tank condenser voltage of 15 volts. 
It serves the additional function of a bridge arm 
resistor in the bridge rate comparator circuit. 

The design of this circuit allows the “negative” 
power supply to furnish not only plate voltage 
to the integrator tube but also bucking voltage 
to the meter circuit. The negative pulses as 
applied to C14 by the integrator tube, V4, cause 


the VTVM plate current to decrease with rising 
frequency (rising tank voltage). The bias ad¬ 
justment is used to adjust the VTVM plate 
current to 8 ma. 

The METER SWITCH Sw7 is a rotary three- 
position, four-circuit gang switch; it controls the 
meter-switching in both channels simultaneously. 
With the METER SWITCH in the OFF posi¬ 
tion, the meters are shorted. In the PL ma 
position the meter switch inserts the shunts 
R32 A-B across the meters and inserts these 
shunted meters in series with the cathode leads 
with the correct polarity to read the cathode and 
plate current of the triode-connected VTVM 
tubes (6AC7). The shunts are wound on one- 
watt, 100,000-ohm resistors as forms and are 
carefully adjusted so that the meters require 
nearly (within about 3 percent) 10 ma for full- 
scale deflection but more particularly that they 
require the same currents within J percent for 
full-scale deflection when the shunts are used. 
In the PPM position the following changes take 
place: (1) the shunts are removed from the 
meter circuits, (2) the polarity of the meters is 
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reversed, (3) the bucking current circuit is 
closed and the meter circuit function becomes 
that shown in Fig, 2. The bucking circuit is not 
completed in any other meter switch position. 

In use, as the plate current falls with rising 
frequency the constant bucking current source 
causes the meter to read upscale. This upscale 
reading will be a linear function of frequency if 
the VTVM responds linearly to voltage on the 
integrating condenser and if the bucking current 
is constant. In this circuit this linearity is 
realized within J percent. 

It is entirely possible to use the bucking 
circuit to set the counting-rate meter at zero 
against any reasonable background count and, 
therefore, to record one counting rate in the 
presence of another. 

The bridge circuit is shown in a simplified 
form without the complicating bucking circuits 
in Fig. 3 as if Sw7 were in the PL ma position. 
With identical voltages on C14A and C14B the 
plate currents may be adjusted by the BIAS 
ADJUST controls to equal values as read by the 
two plate meters. By variation of the BRIDGE 
ZERO control R31 the resistances of the two 
arms, composed mainly of the cathode degener¬ 
ative VTVM resistors R30, may be made equal 
as indicated by a null of the galvanometer G 
when Sw9 (BRIDGE ON-OFF) is closed. 


Counting rates may be read directly from the 
appropriate channel meter with due regard for 
the statistical limitations^** as set by the value 
of the time constant RC of the memory circuit, 
counting rate and equilibrium time /o. Table I 
will be found helpful in judging the operation 
limitations of the counting-rate meter. The 
equilibrium time may be reduced by artificial 
adjustment of tlie vacuum-tube voltmeters 
nearly to equilibrium values. The CHANNEL 
RF2SET switch Sw8 is placed in series with R35 
across the tank condenser C14 to permit this 
adjustment by rather rapid discharge of C14 
to any desired value. 

If identical voltages are placed on C14A and 
on C14B by identical pulse rates in the separate 
channels, a null-reading of the galvanometer will 
indicate this identity. Resistor R29 damps the 
oscillation of the galvanometer on random pulses. 
A high impedance voltmeter, used to replace the 
galvanometer in this bridge circuit, could be 
calibrated directly in terms of pulses per minute 
difference of pulse-rate in the two channels. 

A convenient and rapid method of deter¬ 
mining whether the rates are identical is to set 
the vacuum-tube voltmeters artificially to the 
same reading (bridge galvanometer at zero) and 
to observe the direction of drift of the galva¬ 
nometer. 


Fig. 3. Simplified pulse 
rate comparator bridge 
circuit 
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If the impedance of the galvanometer circuit 
is comparable to the bridge arm resistor values, 
the counting rate indications of the meters will 
be erroneous when the BRIDGE ON-OFF 
switch is on because the galvanometer circuit 
has a tendency to equalize the meter indications. 
The impulse register circuits are driven by the 
input amplifiers. The positive pulses at point A 
are fed through the coupling capacitor C4 to the 
grid of a 6AG7, V6. This tube was chosen be¬ 
cause it has a very high transconductance, 8000 
micromhos, and operates into a low plate load 
resistance; therefore, it is ideally suited for 
coupliTig to an impulse register. The variable 
resistor R13 (ADJUST OUTPUT) in the V6 
cathode return affords a convenient method of 
varying the current output to the register to 
permit application of various types of registers 
as well as relays of varying sensitivities. Another 
use to which the OUTPUl' TO REGISTER 
terminals may be put is the operation of a 
speaker for aural monitoring. Normally, no plate 
current may flow to the 6AG7 unless some 
resistive connection is made across the OUTPUT 
terminals. One of these terminals in each channel 
is maintained at about +300 volts; this provides 
the high voltage supply to the calibrator. ‘ 

The calibration may be conveniently checked 
on the 5000 PPM scale for variations in time by 
pressing the appropriate 3600 PPM INPUT 
button. If the channel meter rises to 3600 PPM, 
there is good assurance that the other channel 
calibrations have not changed ^ 

Adequate shielding and decoupling must be 
provided between the two channels to prevent 
interaction. Care must be taken to prevent 
voltage fluctuations due to an impulse register 
load from affecting the output of the pulse- 


equaliser circuits. If the sensitivity of the input 
amplifier is increased by lowering the value of 
Rll, shielding becomes of primary importance. 

The rate of approach (rise or fall of the VTVM 
plate current) to equilibrium may be different 
in the two channels even though identical pulse 
rates are impressed upon both channels. Such 
operation is neither unusual nor unreliable. The 
equilibrium value of the VTVM plate current is 
dependent upon the value of the leakage resistor 
of the RC integrating circuit but is independent 
of the size of the integrating condenser. Hence, 
the fact that the time constants (and, therefore, 
the rates of approach to an equilibrium value) 
of the two channels differ does not indicate that 
the equilibrium vahies will differ. 

It should be iK)inted out that a cathode-ray 
oscilloscope, in general, disturbs the pulse shaf>e 
enough so that the counting-rate meter cannot be 
calibrated with a cathode-ray oscilloscope on the 
circuit. 

A 5-ma pen and ink recording milliammeter 
may be inserted directly in series with the VTVM 
plate meter. No circuit or calibration modifica¬ 
tions are necessary if the resistance of the pen 
recorder is so low that its insertion does not 
appreciably affect the total value of the cathode 
degeneration resistance; if it does, recalibration 
is required because of the changed VTVM 
sensitivity. 

If this plate current is similarly applied across 
a two or three-ohm standard resistor, the re¬ 
sulting potential drop will actuate a Leeds and 
Northrup recording potentiometer (20-Mv full 
scale) without any circuit modifications. This 
inserted resistance is insignificant and no recali¬ 
bration is necessary. 
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A Recording Mechanical Pressure Gauge of SisHoi Range* 

Paul M. Higgs 

Applied Physics Laboratory^ UniversUy of Washington, Seattle, Washington 
(Received March 23, 1948) 

An instrument of rugged construction for recording very large and rapidly fluctuating 
pressures in liquids and gases is described. The pressure sensitive element is a thick, flat, 
circular diaphragm, rigidly mounted and fluid damped. The pressure versus time record is 
engraved upon the surface of a rotating polished metal disk by a stylus fastened directly to 
the diaphragm. The record may be read with a precision of better than one percent of full 
deflection. The instrument will record pressures up to 1000 pounds per square inch at fre¬ 
quencies from zero to five hundred cycles per second. 


INTRODUCTION 

T he recording pressure gauge was designed 
to measure large and rapidly fluctuating 
pressures of the order of hundreds of pounds per 
square inch as a function of time and at all 
frequencies below 200 cycles per second, including 
zero, both in air and under water. Since pressures 
having these characteristics occur only in the 
vicinity of abnormally large explosive charges, 
further design requirements were that the instru¬ 
ment should be self-contained, stable, and suffici¬ 
ently rugged to withstand the rough treatment 
it would receive in use. These same requirements 
almost precluded a priori the use of electronic 
components since reliable operation under the 
relatively unknown conditions of use was essen¬ 
tial, It was also desired that the record be made 
in as indestructible a form as possible to prevent 
the loss of data from damaged instruments and 
possible delay in the recovery of instruments 
after tests. This is particularly important where 
sea water with its corrosive effects is involved. 
An instrument of this or similar design may 
prove useful in the general study of large scale 
blast phenomena or where a detailed record of 
large and rapidly fluctuating fluid pressures is 
required. A suggested application is the study 
of transient phenomena in hydraulic systems. 


GBNBRAL DESCRIPTION 

Figure 1 is a schematic drawing showing the 
details of the essential parts of the instrument 

* This work wa» undertaken in as^iation with The 
Applied Phvftics Laboratory, The Johns Hoplans Uni¬ 
versity, under a Section T Series Contract, NOrd-7818. 
a^naomip of the Bureau of Ordnance, United States 


with the exception of the record disk drive 
mechanism which is clearly seen in the photo¬ 
graph, Fig. 2. In Fig. 1, (A) is the pressure 
sensitive element of the gauge, a flat circular 
disk of 24-ST aluminum. This diaphragm is 10 
inches in diameter and is clamped over a one-inch 
face around the periphery, leaving a free or 
effective diameter of 8 inches. Since the use of 
gaskets in the diaphragm assembly was not 
permissible, joints were made liquid tight by 
painting the bearing faces with red glyptol at 
the time of assembly. No difficulty due to 
leakage under high pressures was encountered. 
Three thicknesses of diaphragms were used in 
the instruments to give an expanded range of 
sensitivities. Table I gives the approximate 
characteristics of these diaphragms. 

Figure 3 is a plot of experimentally determined 
deflections of the gauge diaphragms for applied 
steady hydrostatic pressures for diaphragms that 
had been pre-stressed by the application of 
pressures equal to the maximum allowable. The 



Fig. L Gauge in partial section. 


23 



24 


PAUL M. HIGGS 



Fig. 2. Recording; pressure gauge- 


Table I. Diaphragm characteristics. 


Diaphragm 

thkkii««8 

Pbunds per SQuare 
inch to produce 
O.OOl-inch deflection 

Maximum allowable 
prewure in potinda 
per square inch 

i" 

2.48 

300 

r 

4.70 

600 

8.13 

1000 

relationship 

d^PR*l4Et* 



(where deflection at center of diaphragm, in 
inches, pressure in pounds per square inch, 
as radius of diaphragm to supporting edge in 
inches, Esamoduius of elasticity as l.0X10^ and 
thickness of diaphragm in inches) is found to 
hold to a close approximation for the experi- 



Fio. 3# Deflection of diaphragm as a function of static 
pressure and thickness of diaphragm. 


mental data. It should be pointed out that the 
diaphragm is not clamped with perfect rigidity; 
there is some elastic yield of the entire structure 
under the application of pressure. If the dia¬ 
phragm thickness is known, the above equation 
may be relied upon to give an accuracy of about 
5 percent. 

As a simple clamped diaphragm of the above 
dimensions would be far under-damped it is 
■necessary to provide a controlled damping mech¬ 
anism to give the device the proper frequency 
response characteristics. Damping is provided by 
a fluid system using Dow Corning Fluid No. 200 
as the damping medium. A grade of this silicone 
fluid having a kinematic viscosity of approxi¬ 
mately 1000 centistokes was chosen. One char¬ 
acteristic of this material is a low variation of 
the coefficient of viscosity with temperature. 
The damping liquid is in contact with the outer 
or pressure face of the diaphragm (A), Fig. 1, 
and receives pressure from the air or water 
surrounding the instrument through a perforated 
baffle plate (B), a neoprene barrier diaphragm 
(C), and a perforated protective cover plate (Z>). 
The ^-inch space between the diaphrag:m and 
the baffle plate is completely filled by the damp¬ 
ing fluid which communicates with the fluid- 
filled space between the baffle plate and the 
barrier diaphragm through 30 tt-inch holes drilled 
through the baffle plate which is ^-inch thick 
at this section. The design of this damping or 
baffle plate was based upon computations in¬ 
volving the constants of the diaphragm and the 
associated damping mechanism. By a proper 
choice of the damping liquid viscosity and 
damping orifice dimensions it is possible to adjust 
the response characteristics of the instrument to 
an optimum value. The space between the barrier 
diaphragm and the cover plate is filled with 
water when the instrument is submerged for use. 
If the gauge is to be used for air blast measure* 
ments, the ports in the cover plate should be 
considerably enlarged over those shown in the 
drawing or the cover plate should be replaced by 
a diaphr^:m retaining ring, leaving the face of 
the barrier diaphragm exposed. The combination 
of the small ports in the protective cover with the 
enclosed air-filled cavity under the cover results 
in an acoustic filter which greatly attenuates the 
higher frequencies in the case ctf an air Mast. 
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When this cavity is filled with water its influence 
upon the over-all frequency characteristic is 
small. 

Figure 4 shows the response of an instrument 
having a f-inch diaphragm to a step pulse 
produced by suddenly dropping a steadily applied 
hydraulic pressure of 300 pounds per square 
inch, gauge, to atmospheric pressure. This was 
accomplished by bursting a heavy lucite window 
or port in a pressure chamber. The system shows 
a natural damped frequency of about 360 cycles 
f)er second. The diaphragm reaches full deflection 
in about 2 milliseconds and has practically ceased 
vibrating in 5 milliseconds. There is very little 
overshooting. A high frequency vibration corre- 



Fig, 4. Record of response of gauge to a step pulse change 
of pressure. 

sfxjnding to a coupled motion of the diaphragm 
plus the baffle plate probabl>' accounts for the 
slight irregularity of the motion of the recorder 
stylus during the steep part of the pulse. Figure 5 
shows a smootlied plot of this experimental step 
pulse response plotted on an expanded time axis. 

The over-all characteristic of the moving 
system is that of a low pass filter having small 
steady state response to frequencies above 500 
cycles per second but permitting approximately 
full response to a step pulse in about two 
milliseconds. 

The metal parts of the entire diaphragm 
assembly with the exception of screws and other 
minor parts are of dural. This gives a light 
strong structure with no difficulties caused by 
such effects as differential thermal expansions. 



Fig. 5. Smoothed plot of gauge responae to pressure 
step pulse. 

The pressure versus time record is engraved in 
the form of a polar coordinate curve upon the 
polished surface of a chromium plated steel disk. 
The record disk, which is cut from photographic 
ferrotype sheet is 3 inches in diameter and has a 
thickness of about 0.020 inch. Another successful 
technique involves the use of a glass disk with a 
thin uniform coating of graphite deposited from 
Acheson Graphite Dispersion No. 41. The stylus 
engraves a sharply defined transparent line in 
this opaque coating and the method is satis¬ 
factory where extreme ruggedness and the maxi¬ 
mum of resolution is not required. The record 
disk is shown at (£) in Fig. 1. The record disk 
is mounted upon the turntable (2C) by means of 
a |-inch thick backing plate (F) and a locking 
nut (G). 

The engraving or '‘writing’^ tool of the instru¬ 
ment is the tip of a ‘^permanent'' type of phono- 



Fig. 6. Two gauges installed in case for under water blast 
pressure measurements* 
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Fig. 7, Record of a water hammer transient in a 
hydraulic system. 

graph needle such as is used in coin-operated 
automatic phonographs. The needle tip is a 
smooth, almost spherical surface of hard metal 
alloy which will press a sharply defined groove 
in the hard polished surface of the record disk. 
The stylus tip is soldered through a hole in a 
flat steel spring (//) which is clamped in a slot in 
the end of the stylus holder (/), which is rigidly 
attached to the diaphragm (A). The stylus 
assembly is steadied against lateral vibration 
by an accurately fitting bearing sleeve (J). 

The turntable (K) is driven by an electric 
motor (L) through a combination spur and worm 
gear train. The motor used in the field instrument 
was an automobile accessory motor modified to 
increase its ruggedness and speed stability. The 
motor was powered by “Hot Shot" dry batteries. 
Under laboratory conditions it would be desirable 
to use a small a.c. synchronous motor. The 
mechanical design of this turntable drive was 
worked out with the guidance of field tests 
where the submerged recorder was mine^ with 
600-pound charges of T.N.T. at short range. 
The turntable is carried in a cone bearing and is 
held firmly seated by a heavy-duty ball thrust 
bearing. 

In the interest of ruggedness and simplicity of 
construction, no traverse motion is provided to 
separate the records produced for successive 
revolutions of the turntable, so in the absence of 
a pressure variation the stylus will follow a 
single circular track around the record disk. This 
is of an advantage in the case of records of less 
than one revolution duration, as the trace during 
the quiescent portion of the run will provide a 
reliable fiducial line for pressure measurement. 
Overstrain of diaphragms or other damage 
affecting calibration is also immediately evident. 


In the measurement of very large scale, 
underwater blast pressures the motor circuit is 
closed and the gauge put into operation by 
switches actuated by radio control or by the 
direct action of the explosion, whichever occurs 
first. The motor is stopped after the turntable 
has made a predetermined number of revolutions 
by means of the simple device shown at (M) in 
Fig. 1. A nut floats on the threaded extension of 
'the turntable shaft. It is held from turning by a 
loop of wire threaded through a hole in the nut 
and secured by lugs to two binding posts. The 
nut travels back along the shaft as the turntable 
rotates until it jams against the turntable bearing 
lock-nut; it then rotates, breaking the wire loop 
and opening the motor battery circuit. 

Figure 6 is a phot(^raph of one of the cases in 
which the instruments were installed for the 
measurement of large scale blast pressures. Two 
gauges are shown mounted in position on the lid. 
The case is of heavy construction, weighing 
approximately 1200 pounds and designed to 
withstand external hydrostatic pressures in excess 
of 1000 pounds per square inch. The case 
furnishes a substantial mounting surface for the 
gauges and houses the recording mechanism of 
the instruments. Other applications of the gauge 
would, in general, not require such ponderous or 
elaborate installations. 

In order to obtain a publishable record as made 
by the instrument the gauge was installed in a 
12'inch water main the flow in which could be 
stopped by the sudden closure of a valve. 
Figure 7 is a record of the resultant “water 
hammer" transient. In addition to the initial 
transient of the type shown persistent pressure 
fluctuation due to reflections from remote parts 
of the hydraulic system was recorded over periods 
of several seconds duration. 
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A Self-Contained Recording Pressure Gauge* 

David R. Brown,** William C. Galloway,*** Jack B. Robertson, and Gene A. Silvby 
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(Received March 23, 1948) 

This instrument is a self-contained time versus pressure recording device capable of meas¬ 
uring pressures up to 1200 pounds per square inch at frequencies from 0 to 200 cycles per 
second over a period of five seconds. The instrument is set in operation by the arrival of a 
pressure wave above a predetermined threshold, triggering a locking mechanism and per¬ 
mitting compressed springs to drive the record surface past an engraving stylus actuated by 
a pressure-sensitive diaphragm. 


INTRODUCTION 

HE self-contained recording pressure gauge 
was designed as a companion instrument 
to other pressure-measuring devices such as tliat 
described in the preceding paper.* In the interest 
of reliability of oi>cration and case of installation 
and recovery, it was decided that this instrument 
should be relatively small, rugged, and self- 
contained to the extent of being indeixjndenily 
triggered by blast pressures and not dependent 
upon auxiliary starting devices. 


DESCRIPTION 

The pressure-sensitive element of the recorder 
is a rigid, peripherally mounted, circular dural 
diaphragm (1) (see Fig. 1) with an effective 
diameter of six inches. Damping is obtained by 
a sponge rubber pad (2) compressed into a 
counter-bore between the diaphragm and the 
steel housing (3). Construction time for the 
particular use of the instrument did not permit 
the use of a more elaborate damping system such 
as used in the recorder described by Higgs.* An 




* This work was undertaken in association with The Applied Physics Laboratory, The Johns Hopkins University, 
under a Section T Series Contract, NOrd-7817, sponsorship of the Bureau of Ordnance, United States Navy. 
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Fig, 2, Pressure gauge showing one method of mounting. 


over-all view of the gauge appears in the photo¬ 
graph, Fig. 2, showing the instrument with its 
steel mounting feet. The instruments were se¬ 
cured either by welding the mounting feet to 
the supporting structure for air blast measure¬ 
ment or by suspending them by means of wire 
cables for underwater measurements. The pres¬ 
sure versus time curve is recorded on the flattened 
portion of the dural plunger (4), Fig. 1. The 
stylus arm (5), fastened to the diaphragm, serves 
as a mount for the stylus (6) which scribes 
directly onto the flattened portion of the plunger 
which was polished to minimize machine marks. 
The stylus is made from a commercial phono¬ 
graph recording needle ground thin near the tip 
to give a spring action to hold the cutting point 
in contact with the recording surface. 

The time axis is obtained from a motion given 
to the plunger by two compressed helical springs 
(7) oppositely wound, which drive the plunger 
through an accurate bore in the steel housing 
past the engraving stylus. The two springs force 



Fig. 3. Displacement of plunger as a function of time. 


the piston face against entrapped silicone stop¬ 
cock grease* which escapes through a carefully 
dimensioned orifice that is bored through the 
piston face of the plunger. The rate of motion 
is controlled by four factors: 

1. spring pressure. 

2. Diameter of bore. 

3. Viscosity of fluid. 

4. I^iarncter of orifice in plunger. 

A plot showing the displacement of the plunger 
as a function, of time is given in Fig. 3. Two 
oppositely wound springs, a right and a left, are 
used in pairs to minimize the torque on the dural 
plunger as the springs elongate. The force exerted 
by the springs, when fully compressed, is of the 
order of 230 pounds. It is necessary to select 
springs whose force constants are matched and 
lie within a narrow range if uniform performance 
for several such instruments is desired. 

The plunger movement is initiated when the 
diaphragm is first displaced inwardly, as would 
occur when the first pressure wave arrives. The 
inward displacement of the diaphragm closes the 
firing circuit when the stylus holder contacts the 
insulated lead contact (8). As the force to be 
measured is large compared to the force necessary 
to indent the insulated contact, the damping 
effect was found to be negligible. The contact 
plug (9) screws into the flanged plug (10) which 
is held to the housing by a phenolic insulator 
(11). The gap setting is determined as follows: 
first, by advancing the contact plug containing 
die lead contact until it touches the set screw on 
top of the stylus holder as indicated by a meter 
across these points; the points are then separated 
a predetermined distance by backing off the 
contact plug, making allowance for the depth of 
water at which the instrument is to be operated. 
For these particular instruments, the contacts 
were set to complete the circuit when the 
diaphragm was deflected inward one-tenth of its 
maximum allowable pressure range above the 
static pressure in which it operates. The gap is 
fixed after this setting by the locking plug (12). 

When the contact points are closed, a current 
passes through a detonating cartridge held in a 
steel cartridge plug which ejects the firing pin 

• Dow Coming Stop;Cock Grease, Dow Corning Corpo* 
ration. Midland, Mtcnigan. 
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Fio* 4. Deflection of diaphragm as a function of static 
pressure and thickness of diaphragm material. 

(13). This releases the i^lunger from a locked 
position. The encrg:>^ to fire the detonating 
cartridge is supplied from two small flashlight 
batteries wired in series and contained in a 
separate bore in the housing. 

The two seal plugs (14), the diaphragm, the 
bottom plate, and the end cap (16) with their 
respective gaskets are fastened to the housing, 
thereby forming the water seals. Because these 
instruments were used under water for the most 
part, at depths up to one hundred feet for 
extended periods of time, it was necessary to give 
special attention to the seals used. The gaskets 
found to be satisfactory for the bottom plate 
and the end cap were rings approximately one- 
fourth-inch wide placed just inside the bolt 
circles, and were made of ^-inch thick, hard, 
service-type sheet asbestos. The seal plug gaskets 
were made of thin copper pressed over an 
asbestos core, similar to automobile spark plug 
type gaskets, and were lubricated with white 
lead before tightening the seal plugs. At the 
metal-to-metal contact of the diaphragm to the 
housing, non-hardening gasket cement* was used. 


Table I. 


DiapUrexm 
thicknesM 
in inches 

Pounds per square 
inch to produce 
O.OOLinch deflection 

Maximum allowable 
pressure in pounds 
per square inch 

0.187 


3.23 

400 

0.250 


7,76 

800 

0.317 


14.90 

1200 


Diaphragms were provided in three thicknesses 
to extend the range of sensitivities. In Table I 
the approximate characteristics of eacb thickness 
of diaphragm is tabulated. Figure 4 is a graph 
of experimentally derived data plotting the 
deflection of the three thicknesses of diaphragms 
as a function of pressure. It was found during 
the course of this investigation that the dia¬ 
phragm had to be pre-stressed by the uniform 
application of pressure equal to the maximum 
allowable pressure in order to give a linear 
deflection with pressures up to the elastic limit 
of the diaphragm material. The following is an 
experimentally determined relationship: 

d=(Pi?V4£/*), 

where deflection at center of plate in inches, 
pressure in pounds per square inch, effec¬ 
tive radius of diaphragm in inches, £ = modulus 
of elasticity in pounds per square inch, and 
/ — thickness of diaphragm in inches. The above 
relationship was found to be accurate within 
five percent for the particular geometry and 
plate material used. 

. Figure 5 shows a publishable record made with 
this recorder during a test of '‘water hammer” 
effects caused by the sudden closing of a check 
valve in water flowing through an eight-inch 
pipe at approximately six feet per second. The 
initial peak indicates a maximum pressure of 



Time in Milliseconds 

FlO. 5 . Reconl obtained of prewure variation due to sudden closing of a check valve in a hydraulic system. 
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30 


H. O. HOADLEY 


280 pounds per square inch. The base line was 
made at atmospheric pressure. Measurements for 
these data were taken from a photograph at a 
magnification of twenty times. 
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A detailed description is given of the principles of an optical lever which secures increased 
sensitivity by means of multiple reflections from a single small mirror. It is of particular use 
where space is limited, or where the mirror must have minimum size and mass, as in a galva¬ 
nometer. Its limitations are an inherent restriction of the measurable range, and a compara¬ 
tively rapid loss of light with increasing number of reflections. A model system was constructed, 
which demonstrates that no special difficulty is met with in making an optical lever according 
to these principles up to seven reflections. Tests made with the fifth-order reflection proved 
the model to be quite satisfactory. 


INTRODUCTION 

HE usual form of optical lever makes use 
of a single reflection of a beam of light from 
a rotating mirror, which means that the reflected 
beam is deflected by twice the angle of rotation 
of the mirror. Another frequently used form 
consists of a fixed plane inirror placed opposite 
the moving mirror, with the beam of light 
reflected back and forth between the two. The 
deflection of the emergent beam is that for the 
single mirror, multiplied by the number of 
reflections from the moving mirror. Tlie main 
disadvantage of this latter type of mirror system 
is that the moving mirror must be large enough 
so that the successive intersections of the beam 
fall at different positions; if they overlap, the 
complete beam cannot escape from the ends of 
the system. This requirement makes the system 
unsuitable for use where small mass or size of 
the moving mirror is important. 

• Communication No. 1215 from the Kodak Research 
Laboratories. 


The multiple-reflection optical lever described 
here is designed to remove this objection, while 
retaining the multiplied sensitivity. The optical 
system is such that light leaving the rotating 
mirror in one direction is returned to the same 
place on the mirror, but from a different direc¬ 
tion. The mirror may therefore be made very 
small. 

BASIC PRINCIPLES OP THE OPTICAL LEVER 

The construction and performance of the 
optical system are complex, and therefore a 
step-by-step explanation of the ideas behind 
them is given. 

On Fig. 1, the arc, SS', represents the surface 
of a spherical mirror of radius r, the center of 
which is at C. The two blocks, M and are 
two small plane mirrors, the surfaces of which 
lie in a plane which passes through C, and the 
midpoints of which lie the same distance, d, from 
the point C. The line CV is drawn perpendicular 
to the plane MM'. 
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Assuming to be a small fraction of the radius 
of the spherical mirror, view the two mirrors, 
M and M\ from any point, P, on the surface of 
the spherical mirror. The surface normal, of 
course, passes through C, and M and Af' subtend 
approximately the same angle on either side of 
the normal. The distance PAf' exceeds the radius 
by the same amount that the distance PM is 
less tlian the radius (or vice versa, if the point P 
is on the other side of CF). Therefore, a bundle 
of rays proceeding to any section of the spherical 
mirror from the point M will be focused, to a 
close approximation, at the point A/'. 

Speaking mathematically, we say that tlie 
center of a spherical reflecting surface has a 
magnification of —1. A line element at this 
point is imaged on itself, but reversed. 

In Fig. 2 is shown the path of the beam which 
constitutes the optical lever. The path is laid 
out in the following way: A ray is drawn perpen¬ 
dicular to the mirror M\ intersecting the spher¬ 
ical mirror at P«. The spherical mirror directs 
the reflected ray to M, whidi, in turn, sends it 
back to the spherical mirror at P^. This means 
tliat a ray directed into the system at P^ would 
retrace its path from the reflection at A/', and 
leave tlie system again at Pb, having been 
reflected once at A/' and twice at Af. To get 
five reflections from M and A/', instead of three, 
the spherical mirror is extendeil to reflect the 
rays once more at P^. The dashed line indicates 
how the two rays, entering and emerging, are 
directed iigain to the mirror A/', and leave the 
system at Pc The path as defined in this way 
will be referred to as the undeviated beam. 

Effect of Rotating the Mirrors 

In the case of three reflections, as shown by 
the solid lines in Fig. 2, it will be seen that 
rotating the mirror M counter-clockwise by a 
small angle, a, around the axis perpendicular to 
the plane of the drawing produces a counter¬ 
clockwise deviation of approximately 4a in the 
emergent ray. However, rotating the mirror Af' 
in the same direction by the angle a produces a 
clockwise deviation of 2ct in the emergent ray. 
Therefore, in order that tlie deviations shall be 
additive, it is necessary that the two mirrors,* 
M and Jlf', shall be rotated in opposite sense. 


This requirement is fulfilled if Af' is a virtual 
image of Af, produced by placing a long plane 
mirror on the line CV* When this is done, the 
actual path of the rays is as shown in Fig. 3. 
The solid lines indicating three reflections, and 
the dashed lines indicating two more reflections, 
correspond to*the rays shown in Fig. 2. To 
avoid confusion, the system will still be shown 
“open,** as in Fig. 2, but it should not be for¬ 
gotten that CV represents a plane mirror, and 
that everything shown to the left of CF is a 
virtual image. 

The Collimating Lens 

If we consider a complete beam of light 
traveling through the system, rather than just a 
single central ray, it is evident that objectives 
and field lenses are needed. The spherical mirror 
acts as a field lens at each reflection, but there 
must be a collimating lens in front of the mirror 
Af. This lens must render parallel a bundle of 
rays proceeding from the point P*, focus the 
reflected rays again at the point Pe, and similarly 
for the other reflections. The lens should be as 
close as practicable to Af, its axis in the plane 
of the drawing, and parallel to CF. The mirror 
Af should be placed so that a perpendicular to 
CV from the point C passes through the virtual 
image of the mirror, as seen through the colli¬ 
mating lens. From tliis it is seen that the focal 
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Fig. 2. Schematic view of the patli of the beam in 
the optical lever. 

length of the lens must be slightly less than the 
radius of the spherical mirror. 

Preferably, the collimating lens is corrected for 
chromatic and spherical aberration, and its field 
is curved on a radius approximately equal to its 
focal length. Coma and color magnification are 
corrected automatically, since the lens and its 
virtual image form a completely symmetrical 
objective, with the mirror M as the stop. In the 
working model described below, an ordinary 
telescope objective has proved to be quite 
adequate for the purpose. 

The collimating lens, L, is shown in Fig. 3. 
Because the drawings are of a schematic, rather 
than pictorial, nature, the lens is not shown in 
Figs, 4”7, but it should be understood tliat it is 
necessary in the actual construction. The proper 
converging power could be obtained by using a 
concave mirror at M instead of the lens, but the 
field of such a concave mirror is curved in the 
opposite direction from that of the lens, and 
therefore will not match the curvature of the 
fixed concave mirror. 

Position of the Deviated Images 

In Fig. 4(a) is shown the system with three 
reflections, as explained in Fig, 2, The solid lines 
represent the path of the rays when the deflection 
mirror is perpendicular to the plane mirror, CF, 
while the dashed and dotted lines are the path of 
the deviated ray, when the mirror is rotated by 


an angle, a. The first reflected ray is deviated by 
the angle 2a, and strikes the spherical mirror at 
from where it is sent to M\ The distance 
between Pa and Pa\ which will be called bs, is 
approximately equal to 2ra. After reflection at 
Af', the returning ray, now indicated by the 
dotted lines, intersects the spherical mirror again 
at Pa \ is reflected once more by the mirror M, 
and emerges at the point Ph\ Since 2a is addeii 
to the deviation of tlie ray at each reflection by 
Af or A/', it may be seen that the distiince PaPa' 
is approximately 255, and the distance PbPt* is 
approximately 355, or 6ra. 

A similar drawing for a system with five 
reflections is shown in Fig. 5(a), indicating that 
the resultant deviation of the ray is approxi¬ 
mately lOra. 

In actual practice, the deviatccl emerging ra> 
falls on a scale having the same curvature as the 
spherual mirror. The beginning point for the 
fixed entering ray is a reference line in the focal 
plane of an eyepiece, or an index n^ark or slit 
illuminated by a condensing lens. In tlie first 
case, the exit pupil of the eyepiece is the image 
of the moving mirror; in the second case, the 
condensing lens images the light .source on the 
moving mirror. 


I 



Fig. 3. The actual path of the beam when a plane mirror 
is ptaoed along the vertical center line, CV* 
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This means that the emerging ray should not 
follow exactly the path of the entering ray. The 
two may be separated by directing the entering 
ray toward M from a point slightly below the 
plane of the drawing of Fig. 4(a). In Fig. 4(b) 
is shown what happens in that case. Figure 4(b) 
is a view in elevation of tlie same rays shown in 
plan in Fig, 4(a). The two squares are the 
mirrors M and M\ viewed normally, and the 
line AfAf' is the plane of tlie drawing of Fig. 4(a). 
The solid line indicates again the path of the 
undeviated ray, and the solid dots the inter¬ 
sections of this ray with the spherical mirror. 
The intersections of the deviated ray are indi¬ 
cated by the small circles. 

The ray enters the system at the point Po, 
directly under P^. The successive intersections 
with the spherical mirror are then Pi, which is 
above Pa, Ps below Pa, and the final point Pz 
above P^. Separation between entering and 
emerging rays in the vertical direction is thus 
achieved. The points of intersection with the 
spherical mirror of the deviated ray are then, 
successively, Pi above Pa', Pi below Pa\ and 
the emergent point Pz above Pb\ 



Fig, 4. The deviation in the beam caused by rotation, 
of the mirror. Af, for a system of three reflections: (a) a 
plan view; (b) the elevation. 



Fig. 5. l‘he deviation in the beam for a system of 
five reflections. 


A similar plan view for the case of five reflec¬ 
tions is shown in Fig. S(b). 

In Fig. 6, the drawings of Figs. 4(b) and 5(b) 
have been reproduced, but with the virtual 
images to the left of the fixed plane mirror, 
indicated by dotted lines, and the intersection 
points shown where they actually occur to the 
right of that mirror, as in Fig. 3. The path of 
the deviated ray has not been drawn, but its 
intersection points are shown. 

Limitations on the Measurable Angle 

From Fig. 6 may now be seen how the total 
deviation of the ray is limited by the dimensions 
of the system. Referring first to the case of three 
reflections (Fig. 6(a)), we see that the distance 
between the points Pz and Po is approximately 
2d. Since Po is the entering point, and P 2 ' must 
fall on the reflecting surface, the maximum 
possible deviation is reached when P»' reaches 
the position of Po, which means that IBs^ 2d* 
It was shown earlier that Ba^2ra, and therefore 
the largest measurable angular deviation of the 
mirror M in this directum is ot«d/2r, and the 
largest scale deflection produced is $Bs^3d* If 
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Fig. 6. Plan views for systems of (a) three reflections, 
and (b) five reflections. These are Figs. 4(b) and 5(b) 
replott^ to show the actual path of the beam with the 
plane mirror along the center line 

the mirror M is rotated in the opfxisite direction, 
the limiting position is reached when the point 
P% meets P/. For this position, 455 = 2d; the 
maximum angle is a=d/4f; and the maximum 
scale reading l.Sd. 

It should be noted that, in order to take full 
advantage of both directions for the deflection, 
it is necessary that the spherical mirror have 
different lengths above and below the center 
plane, as indicated by the vertical arrows in 
Fig. 6, Although the beam returning to a position 
directly above the entrance aperture has been 
called the “undeviated*' beam, there is no reason 
why the zero of the moving mirror should not be 
adjusted to lie at some other part of the scale. 
The concept has been used only for convenience 
in the explanation. 

For the system of five reflections (Fig. 6(b)), 
the deviation in tlie direction shown in the 
drawing is limited by the point P/ reaching 
Po. Then, 455 = 2d, the maximum angle is 
a = (l/4)(d/r), and the maximum scale reflection 
is 555 = 2.5d. In the opposite direction, the 
limiting position is that where P/ and P*' meet, 
which means that 655 = 2d. The corresponding 
angle and scale deflection are, respectively, 
a»(l/6)(d/r) and 555=*(S/3)d. 

The total maximum measurable angles and 
maximum scale deflections will be the sum of 


those in both directions, as follows: 

Max. ansl« Max. mcaIc 

Sx: Q.ISid/r) 4.5d 

Sx: OAlld/t) 4Ad 

It may be seen from this that the maximum 
measurable angle for a given number of reflec¬ 
tions is directly proportional to d. However, the 
larger the value of (d/r), the less closely the 
actual dimensions of the system approach the 
approximate values given above, and the greater 
the departure from linearity of the scale reading 
as a function of the mirror deflection, a. No 
calculations have been made as to the amount 
of non-linearity that might be expected in such 
a system. 

The non-linear errors will, of course, be greater, 
and the maximum measurable angle smaller, 
when the "‘mechanical advantage*' of the system 
is increased by using more than five reflections 
from the moving mirror. The approximate di¬ 
mensions of such a system may be found by 
using the same arguments as given above for 
systems of three and five reflections. 

Systems with an Even Number of Reflections 

The system as illustrated in Fig. 2 always 
results in <in odd number of reflections from the 
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moving mirror. Systems with an even number 
of reflections may be developed by starting the 
ray from the point V toward the moving mirror, 
as shown in Fig. 7. The elevation view of the 
system indicates that the emerging ray always 
follows the path of the entering ray, and cannot 
be separated from it in the vertical direction. 
Another disadvantage of such a system is that 
the undeviated ray falls exactly on the joint 
between the spherical mirror and the fixed plane 
mirror. 

DESCRIPTION OF THE MODEL 

A simple mcxlel of the optical lever was 
constructed, and a photograph of it is shown in 
Fig. 8. The spherical mirror and the fixed plane 
mirror should be easily identified in the photo¬ 
graph. The former was cut from a lens element 
having a surface of the desired curvature, and 
the latter is a strip from a piece of good-quality 
plate glass. The moving mirror is attached to the 
galvanometer movement, and the collimating 
lens is mounted in a simple focusing mount 
which replaces the window originally furnished 
on the galvanometer. The galvanometer mirror 
is only 3X4 mm. This particular model was 
intended to detect a yes-or-no deflection, so the 
slit was extended both above and below the 
meridian plane, and the small rectangular mirror 
with a vertical knife-edge placed next to the slit 
to reflect the emerging beam into a photo-cell. 

The vertical entrance slit is 22 mm long, and 
the height of the mirrors is 25 mm. The colli¬ 
mating lens is a telescope doublet, witli an 
aperture of 18 mm. The radius of the spherical 
mirror is about 20 cm, d is 1 cm, and the distance 
of the slit from the fixed plane mirror is 5.5 cm, 
so that the beam undergoes five reflections from 
the galvanometer mirror when it is perpendicular 
to the fixed mirror. Accordingly, the model shown 
has a sensitivity equal to that of a single¬ 
reflection optical lever one meter long. 

The galvanometer-adjusting knob may be 
turned counter-clockwise until the first-order 
reflected image of the slit falls back on the 
entrance slit. As the knob is turned clockwise 
from this position, the first-order image moves 



Fig. 8. A working model of the multiple-reflection 
optical lever. 


across the spherical mirror. When it reaches the 
joint between the mirrors, the second-order 
image starts across. When these two images 
coincide, the third-order image may be found at 
the entrance slit. With further rotation of the 
knob, the successive orders follow across the 
mirror. Seven orders are easily visible, even 
though the system was laid out to use only five. 
The optical image quality of all visible orders is 
good. Of course, in this particular application 
the even orders might be used as well as the odd, 
since the emerging beam does not have to be 
imaged on the entrance slit, nor separated 
vertically from it. 

One other limiting factor of this type of 
optical lever became apparent in the model: the 
loss of light in the high order reflections. Eiach 
additional reflection from the galvanometer 
mirror requires two other reflections from the* 
fixed mirrors and two passages through the 
collimating lens. Although the two fixed mirrors 
have good evaporated aluminum first-surface 
coatings, and the lens has an antireflection 
coating on both surfaces, still each reflected 
image of the slit looks about half as bright as the 
image of the next lower order. 

Geometrically, the model demonstrates very 
nicely the principles of the system, and no 
special mechanical difficulties were encountered 
in its construction. 



THE REVIEW OF SCIENTIFIC INSTRUMENTS 


VOLUME 20. NUMBER t 


JANUARY, IMO 


Improved Magnetic Focusing of Charged Particles 
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A general theory of geometric magnetic focusing of charged particles is developed. Some 
special cases are discussed. One proves to be the type of focusing in general use; another, 
equally simple, eliminates second-order aberrations. 


L INTRODUCTION 

HE majority of experimental mass spec¬ 
trometers constructed during the last 
decade have utilized the second-order focusing 
properties of wedge-shaped magnetic fields as 
described by Barber^ and Stephens.* The general 
appearance of the ion beam trajectory is shown 
in Fig. lA. In undertaking the construction of 
such an instrument in this laboratory, some 
thought was given as to how the edges of the 
magnetic field might be reshaped so as to 
improve the focusing, and possibly reduce the 
size of the magnet. 

n. PERFECT FOCUSING 


plane (midway between and parallel to the pole 
pieces). 

Symmetry imposes the condition that all 
beams should cross OY at right angles and, 
therefore, that the center of curvature of the ion 
beam while in thfe magnetic field should lie on 
OF. For a beam leaving A at any angle B with 
it is a simple problem in geometry to obtain 
the point (a:, y) where it must enter tlie magnetic 
field in order to cross OY at right angles with a 
given radius of curvature R centered on OF. 
P'rom Fig, 2 we then have 

y/(a—x) — tanB 



It is of interest to consider what symmetrically 
shaped uniform magnetic field would give theo¬ 
retically i>erfect focusing of an ion beam of wide 
divergence. In Fig. 2, where OF is the axis of 
symmetry, it is desired that all rays leaving a 
source A should refocus through a point B, such 
that i40 = 0J5-a. We shall here only consider 
rays in the plane A YB, which is the median 



-B- 


whence 

y^x{a—x)/{R^'-x^)K ( 1 ) 

Tracing the points {x, y) for various values of 
$ gives a symmetrical field as shown by the 
shading in tlie figure. This field will give perfect 
focusing at B of any ions coming from A.^ 
Various values of the ratio R/a give the field 
shapes as shown in Fig. 3. 


t 



Fig. 2. Geometric composition of perfectly focusing 
magnetic field. 


Fig. 1. Typical mechanical appearance of normal and *It has been brought to our attention that H. Hinten- 
inflection type magnetic fields. berger has reoently published an article C^its. f. Natur- 

rrrTTT . ^ , forschung 3a, 125 (1948)1 in which similar considel*adons 

1 ^27 (1933). are presented, and our Eq. (1) is developed. To date, 

William E. Stephens, Phys. Rev. 45, 513 (1934). we have not been able to <^tain copies of ms paper. 
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Fig. 3. Variation of ideal field shape with ratio R/a. 


HI. GENERAL EQUATION 


Should the theoretically ideal field as given by 
Eq. (1) be changed in some way, then an ion 
leaving in a given direction would not pass 
through B, but would have its point of inter¬ 
section with the line A B displaced. As will be dis¬ 
cussed later, aberration, dispersion, image width, 
etc. ma>' all be considered as being caused by the 
ideal field’s being approximatwl by some other. 
Therefore, we shall develop the general equa¬ 
tion giving the displacement of the point of inter¬ 
section witli the base line.<4j5 produced by any ap¬ 
proximation to the ideal magnetic field shape. 

In Fig. 4 is shown the path traversed by a 
diarged particle leaving a source Oand recrossing 
the base at Z, after being deflected by a uniform 
magnetic field of arbitrary shape. Using the 
notation as shown and putting 0={<t>+t) where 
t is small, it may be shown that 


OL^2xi — 2a+2R sintf 

(xi-a)(*s-xi)^2(xi-o) 

R cos's sinS cos'S 


( 2 ) 


If we use a uniform magnetic field of the shape 
as determined by Eq. (1), then the above 
expression gives the focusing point of the various 
ion beams. If the ideal magnetic field boundaries 
are then changed, as indicated in Fig. S, there 
will be a displacement dL of the point of inter¬ 
section as given by Eq. (2). This may be shown 
to be 

dl ---[ tan« -hfix) 

[tanJ+/'(*)]’l , .... . 

tane(a-x)f(x)l 

+ -. (3) 

R co8$ sin'd J 

In this expression,/(*) is given by Eq. (1). 



Fig. 4. Path of a charged particle leaving 0 and being 
deflected by an arbitrary fielcT 


IV. STRAIGHT LINE APPROXIMATIONS— 
ABERRATION 

Equation (3) gives tlie displacement dL of the 
intersection point due to the displacement of the 
magnetic field boundaries by an amount whose 
y component is i;. In general, i? is also a function 
of X, and it is convenient to express dL in terms 
of this function. More particularly, it is useful 
to obtain the expression for straight line approxi¬ 
mations, as these are the simplest to use in 
practice. Thus, in Fig. 6, we sec that if the ideal 
boundary is approximated by a straight line 
crossing the ideal boundary at a point P, then a 
ray entering the field at an angle w with the ray 
through P has, in effect, the field boundary 
displaced a certain distance from the ideal. Its 
point of intersection with the line AB will 
therefore be displaced an amount dL, which is 
the aberration due to the approximation. We 
may now conveniently rewrite Eq. (3) in terms 
of oj. We see that and since it may 

be shown that 


Ax= (a —x)w/Ctan^-(-/'(^)] cos*^, 


we may finally write for a beam divergence of 
2w (w on either side of the centra! ray): 




4 -. 


(a—x)« 


[tanfl+/'(x)]* L[tan^+/(x)] cosW 


X tsine+f{x) + 


R cosB sin*^ 


■j 


( 4 ) 


Equation (4) gives the aberration produced by 
any straight line approximation to the theoreti¬ 
cally perfect curve in terms of the half-divergence 
w of the incident beam. It is now necessary to 
find straight line approximations for which 
1 , F(Ax) is small if the aberration is to be small. 
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Fig, S. *7 is the y component of a displacement of the 
magnetic field boundary. 

V. NORMAL CASE 

In Fig. 7, the point P is such that the distance 
i4P is a minimum, i.e., is normal to the 
curve. In finding this point by expressing AP os 
a function of x and equating the derivative to 
zero, it is found that for this condition R^a sin^. 
In other words, the tangent to the curve at P 
passes through 0, and PO — R, This tangent is a 
good approximation to the curve at P, and if we 
expand the ideal boundary equation in a Taylor 
series at the point P, then the tangent equation 
will differ from it only in tenns of the second 
degree and higher. That is, 

(5) 

By substituting this expression in (4), along 
with the relations established from Fig. 7, we 
obtain for the aberration in this case, 

(IL =* uw®. 



Fig. 6. General case of straight line approximation to 
idea! curve. 

In this case we sec that the straight line 
equation differs from the Taylor expansion of 
Fig. (1) at the point P only in terms of the third 
degree and higher. That is, 

( 8 ) 

Ignoring higher orders and substituting this 
expression in (4), together with the relations 
established in F'ig. 8, we obtain for the aberra¬ 
tion, measured as before, 

c/L«2/3«*[(3a—x)(3a —2 jc) 8in^/6x(a—x)*]. (9) 

This type of focusing will hereafter be referred 
to as inflection focusing. We see that for small 
values of (o, the aberration produced by this 
approximation to the ideal field will be smaller 
than that due to normal focusing. 


If the aberration is measured at the image 
point normal to the central ion trajectory, it 
becomes 

dL^aof^ Bind, (6) 

We note that this case is exactly that devel¬ 
oped by Barber, Stephens, and others. In other 
words, the type of magnetic focusing currently 
in use is that operating on this tangent to the 
ideal boundary as shown in Fig. 7. It wilt 
hereafter be referred to as normal facUsing, 

VL INFLECTION CASE 

From Eq. (1) it may be shown that the ideal 
curve has an inflection point given by 

x/-3a+(9a3^8P®)V2. (7) 

Therefore, we may closely approximate the ideal 
curve by a straight line tangent to the curve 
through the inflection point, as shown in Fig, 8. 


Vn, OTHER CASES 

Any other straight lines approximating the 
ideal curve will be either tangents at some point, 
or will cut it at an angle. In all cases they will 
differ from the ideal curve by at least the second 
degree in the Taylor series, and will produce 
aberrations of the second order. Theoretically, 
fields bounded by curved edges will approach the 
ideal even more closely than the inflection field. 
For example, third-order aberration will result 
from the use of magnetic fields whose edges are in 
the shape of circles. The centers of these circles are 
located on the extended lines of the central ion 
beam’s initial and final directions, and their 
radii-are given by^ 

^ This radius is obtained by finding the radius of curva¬ 
ture of the function riven by Eq. (1) at the *‘tangeat" 
point as defined in ^tion V. In a paper currency in 
press, K. T. Bainbridge reveals that he is cx>nstrttcflitg a 
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Application of Eq. (3) gives the aberration 
produced by this shape of field as 

dL s* i?w*. 

Obviously, the ideal field may be approximated 
closely by the arc of a circle at any other point 
as well. A limiting case is the circle of infinite 
radius at the inflection point, a case discussed as 
inflection focusing. 

Similarly, field edges in the shape of two arcs 
of circles centered on the normal to the ideal 
curve at the inflection point, and tangent to it 
from opposite directions, would give a better 
approximation than the tangent line at this 
point. If the length of field edge to be used 
extends a distance k on either side of the inflec¬ 
tion point, then the radii of the circles to be 
used are given by 

where f{x) is given by Eq. (1). In this case, the 
average of the third-order aberrations of a beam 
width extending over the distance k is equal to 
zero. 

Vra. DISPERSION 

The dispersion produced by an inflection field 
does not differ greatly from that produced by a 
normal field. It is possible to express the disper¬ 
sion as a function of t?, and so Eq. (4) provides a 
convenient means for evaluating it exactly. It 
may be shown that the dispersion for the general 



Fxg, 7. Normal approximation to ideal curve. Point P is 
such tnat A Pin normal to tangent. 


spectrometer in which the aberration is reduced by 
curving the ec^ of the magnetic field. He gives as the 
expresston for the radius of curvature /iJ«*Rcot*S(cotS—a) 
where w is the half-divergence. This is practi^IIy identical 
with our own. Dr. Bainbridge also ^ives the expression, 
for coneedtig the shape of the pole pieces when only one 
dde is ftvaUAte for the purpose. 


case is given by 

D^2AR sine+ - - -( tane+f(x) 

[tan0+f(x)jl 

tan$(a-x)fix)l 

+-—“ • ( 10 ) 

R COS0 stn^d J 

When the conditions for the normal field are 
substituted and measurement is made normal to 
the central ion beam at the image, this becomes 

Dn^2aAR/R8m$. ( 11 ) 

This is the familiar case* and verifies the 
correctness of the theory. For the inflection 
field, substituting the proper expressions gives 

D/^2AR/R{a—x/3) slnU. (12) 

Df will therefore have a value between Dn and 
2/3Z>n- In the usual case, as discussed later, 
i?/ is approximately 0.9Z)n. 

IX. WIDE SOURCES 

The theory developed in the previous para¬ 
graphs has treated only point sources. If the 
source section in the median plane is a straight 
line of width s perpendicular to the central ion 
trajector>% then it is possible to use Eq. (4) to 
calculate the image produced by the various 
approximations. It has thus been verified that 
the image in both normal and inflection cases is 
a straight line equal to the source in width, but 
is inverted. 

X. PRACTICAL CONSIDERATIONS 

It has been shown that magnetic focusing 
devices such as mass spectrometers may be 
designed so as to utilize inflection focusing. This 
will eliminate second-order aberrations, yet re- 



Fio. 8. Inflection aoproximation to Ideal curve. Point P is 
inflection point of curve. 
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Fig. 9. Ratio of resolving powers of inflation and normal 

type magnetic fields as a function of 8. 

tain simple, straight line field boundaries. The 
appearance of sucb a device is suggested by 
Fig, IB, where it is seen to bear close mechanical 
resemblance to the normal focusing device of 
Fig. lA. Of some interest is the ratio of the 
resolving powers of tlie two fields for various 
values of 6 and a ix)int source. Considering the 
resolving power as being proportional to tlie 
dispersion divided by the aberration, this ratio 
of resolving powers becomes 

Rf/Rn - 6x(a-x)^/2{3a - 2x)w, (12) 

This has been calculated for various values of 

and is shown graphically in Fig. 9. We see 
tliat there is an optimum ratio near 60®, in which 
case the usual divergence of 2a> equal to about 4® 
would give the inflection instrument a resolving 
power about 10 times higher than that of the 
normal instrument It is interesting to note that 
the optimum case corresponds to a value of a 
(see Fig. 8) of 90®, in which case the magnetic 
field profile becomes a single straight line, like 
those used for 180® deflection in normal spec¬ 
trometers. In Table I are set down some perti¬ 
nent data which may be of interest to designers. 

The discussion presented here, however, deals 
with geometric focusing in the median plane, 
whereas many other factors enter into the design 
of actual instruments. Rays whose trajectories 
are not in the median plane are subject to other 
aberrations. Those whose paths lie at an angle 
to this plane will experience a dispersion due to 
the shortening of their velocity component 
parallel to the median plane. If we include this 
effect, then the total aberration for a line source 
becomes in the normal case 

where <a is half the angle of divergence in the 


ocy plane as discussed before and is the angle of 
divergence in the z direction permitted by a 
source of length h. is given by* 

p^h/Z2Ricote+e)2. 

In the usual instrument, j8* is less than O.lo)*, 
so that the aberration due to this effect may be 
neglected. A similar divergence is produced by 
a variation in the energies of the ions furnished 
by the source. It is usually made small by using 
high accelerating voltages. These effects will be 
somewhat diminished by inflection fields whose 
dispersion is less than that of normal fields. 

For tlie inflection case, where the rays do not 
enter the magnetic field normal to its boundaries, 
rays not in the median plane suffer another 
defocusing effect due to the fringing magnetic 
field. Since the field lines at the fringe are curved, 
the non-median rays will not cross them at 90® 
and, because of their angle of entry, there will 
be a small component of the fringing field normal 
to both the ion trajectory and the main field. 
This will defocus the beam in the z direction. 
Therefore, the image of the source will be longer 
than the source and, unless the exit slit is as 
long as the image, there will be a loss of current 
intensity to the collector. 

It may be shown from geometric considerations 
that the resolving power of the direction focusing 
instrument is given by 

RP^R/I+F+A, 

where R is the radius of curvature of the ion 
path in the magnetic field, / is the image width 
(equal to the object width), A is the total 
aberration due to various causes, and F is the 
exit slit width. Whether or not the total aberra¬ 
tion has much effect on the resolving power 


Table I. 


0 

R 

X 

Z>r/JX 

A//An 

Rf/Rn 


20* 

0.485a 

0.166a 

0.95 

5.6u 

0.17/a 

30.2® 

30* 

0.666a 

0.333a 

0.89 

3.Su> 

0.25/a. 

46.0* 

40* 

0.799a 

0.S13a 

0.83 

2.7<tf 

0.31/a 

61.6® 

45** 

0.848a 

0.600a 

0.80 

2.4a> 

0.33/a> 

71.5* 

50* • 

OMSa 

0.680a 

077 

2.24^ 

0.35/a. 

80.7* 

54® 59 

^ 0.920a 

0.7S0a 

075 

2.1a 

0.35/a* 

90.0* 

60® 

0.945a 

0.818a 

073 

2.1a 

0.35/a. 

94.0* 

70® 

0.978a 

0.919a 

0.70 

2.4a 

0.29/a. 

125* 


• Claude Geoffrian, Laval University, unpublished. 
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depends, therefore, on the particular design. For 
the inflection field, the aberration due to the 
geometric shape of the field is very small, and 
it would probably be advantageous in most cases 
to increase the divergence of the beam in order 
to obtain increased intensity at little cost in 
resolving power. The aberration jR/3® is also 
usually negligible. In the case of 180° spec¬ 
trometers it is possible to obtain increased 
intensity for tlie same resolving power by using 
longer, narrower sources of greater area, but 
producing the same total aberration as the usual 
short wide source.* In tlie general case this is 
also possible insofar as tlie effect is not too 
greatly reduced by the field fringe effect. 

It is suggested that the principle of inflection 
focusing may be applied so some of the problems 


to which attention has recently been invited by 
Auld.* 
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A 6eiger>MueUer Cotinting Unit and External Quenching Equipment for the 
Estimation of in Carbon Dioxide 

\V'. B. Mann* and G. B. Parkinson** 

National Resentch Council, Atomic Energy Project, Chalk River, Ontario, Canada 
(Received August 19, 1948) 

A counter unit and external quenching circuit for use with carbon dioxide and carbon 
disulfide mixtures arc described. The counter unit consists of a long and short counter to 
eliminate end effects. The quenching circuit, which depends on the action of a multivibrator, 
enables the voltage across the Geiger-Mueller counter to be reduced in a controllable manner 
by any desired amount and for any desired time. 


I. INTRODUCTION 


T he internal gas-counting technique devel¬ 
oped by Miller,^*® using Geiger-Mueller 
counters filled with carbon dioxide and carbon 
disulfide mixtures, is especially suitable for the 
determination of the activity of samples that 
can readily be converted into carbon dioxide. 
For accurate measurements, however, it is 
necessary to use an external quenching circuit for 
the Geiger-Mueller counter that is consistent 
and stable in operation and can be adjusted to 
suit the characteristics of the counter. It is also 


* Medical and Biological Research Branch. 

♦•Tedinical Physics Branch. This author desianed the 

external quenching circuit and wrote Section III of this 

W. Miller, Science lOS, 123 (IM?). „ . 0 . 

• S. C. Brown and W. W. Miller, Rev. Sa. Inst. 18, 496 
(1947). 


necessary to make corrections for, or eliminate 
errors caused by, tlie end effects of the Geiger- 
Mueller counter. These two requirements have 
been met by the use of a compensated Geiger- 
Mueller counter, described in Section II, and a 
multivibrator quoiching circuit described in 
Section III. By these means it has been possible 
to obtain highly reproducible measurements. 

n. COMPENSATED OEIOER-MUELLBR COUNTER 

In using gas counters for the assay of C“ it is 
necessary to be assured that the end corrections 
are either small, or are eliminated, and that there 
is no appreciable correction for beta-particles 
originating near the. wall and entering the 
material of the wall without giving rise to an 
electron avalanche. 
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Calculations based on the probable number of 
ion pairs produced per millimeter in carbon 
dioxide show that any wall effect of the type 
referred to is likely to cause only a small error. 
Calculations for the end effect, however, show 
that counts arising from beta-particles entering 
the cathode volume from the ends may amount 
to as much as 25 percent for a two-inch-long 
counter of half-an-inch diameter, with ends 
one-inch long. 

Such a calculation for the end effect takes into 
account, however, only one element of possible 
error, namely, that due to beta-particles entering 
the cathode volume. A further possibility of 
error arises in the distortion of the electric field 
at each end and its penetration into the region 
of space beyond each end of the cathode volume. 
The magnitude of the error arising from this is 
difficult to estimate. 

The total end effect may, however, be com¬ 
pletely eliminated by taking a pair of counters 
of suitably different length but having the same 
cross-sectional dimensions and similar end ge¬ 
ometries. Such a unit constructed from half- 
inch-diameter platinum tubes, 0.004-inch tung¬ 
sten wire, and soft glass is shown in Fig. 1. If 
the short counter is long enough to provide a 
small length in the middle having only a radial 
component of electric intensity, the divergence 
of electric field at the ends should be identical for 
both counters. The difference in the counts will, 
therefore, correspond to an amount of radio¬ 
active gas contained in a cylindrical volume 
equal to the difference in volume of the long and 
short cathodes. This idealized cylindrical volume 
will have an electric intensity which is normal to 
tne wire everywhere along its length (the differ¬ 
ence in length of the long and short cathodes), 
and no correction is required for particles enter¬ 
ing the open ends of the cathodes provided the 
end geometries are approximately sifnilar. The 
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need to use very long counters to reduce the 
correction caused by the ends is thus obviated. 

m. MUTLTmBRATOR QUENCH CIRCUIT 

It is well known that in a non-self-quenching 
Geiger-Mueller counter the discharge can be 
quenched by reducing externally the voltage 
across the counter, by a sufficient amount and 
^for a sufficient period, following each discharge. 
Various circuits devised for this purpose have 
appeared in the literature.*** Miller used a 
Neher-Pickering circuit to provide external 
quenching for his counters filled with carbon 
dioxide and carbon disulfide. The circuit de¬ 
scribed here, shoym in Fig. 2, is believed to be 
superior to the circuits previously used, and in 
particular to the Neher-Pickering or Neher- 
Harper type of circuit, the reason being that in 
this circuit the voltage is quickly lowered below 
the threshold of the counter, held there for a 
predetermined period, and then promptly re¬ 
stored to the operating value. The counter is 
thus never operating at an intermediate voltage 
for more than an infinitesimal part of the time. 
It is also different from most simple multivibrator 
circuits in that the multivibrator itself is not 
used to apply the quenching voltage directly to 
the counter. 

In the circuit of Fig. 2, a discharge in the 
counter causes the grid of Vi to be driven nega¬ 
tive, and this in turn causes the circuit to operate, 
generating a large negative square pulse which 
is applied to the anode of tlie counter through 
Cj. At the end of this pulse the voltage on the 
counter anode is restored to its original value, 
at which it remains until the next discharge 
occurs. For a short period immediately following 
the square pulse the circuit is inoperative, and 
it is a necessary condition for satisfactory oper¬ 
ation that, should a count occur during this 
period, the discharge current of the counter 
must not be so great as to cause a substantial 
drop in its anode potential through charging 

*C. E. UVnn-Williams, British Patent No. 421341. 

• H.. V. Neher and W. W. Harper, Phys. Rev. 49, 940 
(1936). 

• I. A. Getting, Phys. Rev, 53, 103 (1938). 

• H. V. Neher and W. H. Pickering, Phys. Rev, 53, 316 
(1938). 

^ J. A. Simpson, Fl^s. Rev. 60, 39 (1944). 

• A. L. Ho£ot, J. &i. Inst. 25, 11 (1948^ 

• H. Maier-Leibnits, Rev, 1^. Inst, 19, 500 (1945). 
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Fig. 2. MultivibrabM' quench circuit. 


A detailed description of the circuit operation 
follows. 

When a discharge occurs in the Geiger-Mueller 
counter it causes a negative voltage pulse to 
appear at the grid of Vi ; tins causes a positive 
pulse to appear at the plate of Vi, and at the 
suppressor of K| through Rt, Ct. The suppressor 
of Vt, which is a dual-control tube, is normally 
biased beyond cut-off, so that no plate current 
flows. When the voltage on this suppressor is 
raised sufficiently, by the positive pulse, to allow 
plate current to flow through JRi, the grid of V4 
is driven negative, causing the plate and screen 
currents of Vi to be interrupted. Consequently, 
the screen potential of V4 rises sharply, and so 
does the grid potential of Vi, which is normally 
biased beyond cut-off. As the grid potential of 
Vi rises, plate current begins to flow through Ru, 
causing a negative square wave—the quenching 
pulse—to be applied to the Geiger-Mueller 
anode, and the grid of Fi, through Ct. This 
process is shown diagrammatically in Fig. 3 . 

The circuit remains in this state, with Fj, F« 
cut off, and Fi, F» conducting, until Ci has 
discharged sufficiently, through Rm, R», to allow 
the grid potential of F4 to recover far enough 
for Vi to conduct again. When this happens the 
process is reversed; F* is cut off, the voltage on 


the Geiger-Mueller anode is restored, and Fi 
becomes conducting; this drives the suppressor 
of Vi negative so that the plate current of F» is 
cut off, allowing C4 to recharge, through jR* 
and VtB. 

The duration of the negative square wave 
applied to the Geiger-Mueller anode—^the quench 
period Q —is then determined by the time con¬ 
stant of C4 and 2?io in series with 1?». i?, is made 
variable, so that the quench period can be 
adjusted. 

At the end of the quench period, F4 conducts, 
plate current flows through 2?x4, and the grid of 
F» is driven negative, so that F» becomes com¬ 
pletely cut off. Fj remains cut off until C* has 
discharged sufficiently, through 2?n, to allow 
its grid potential to recover, at which point F» 
begins to draw screen current again, but not 
plate current, since its suppressor is now nega¬ 
tive. Ci recharges during the next quench period. 

While the grid of F» is thus driven negative, 
this tube cannot draw plate current, so that the 
circuit is insensitive to further operation until 
the grid potential of F, has recovered. The time 
required for this recovery—^the delay time J—^is 
determined by the time constant of Ct and JRu. 
The purpose of this delay time is to allow C4 to 
recharge, and to allow the other capacitors—the 
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*'speed-up” capacitors Cs, Cei and the coupling 
capacitor C %—to regain their normal potentials 
before the circuit is retri^ered. In this way the 
operation of the circuit is made independent of 
the counting rate and of the random time distri¬ 
bution of the pulses from the Geiger-Mueller 
counter. 

Should a count occur in the Geiger-Mueller 
counter during the delay time, it is not ignored, 
even though the circuit cannot operate immedi¬ 
ately to produce a quenching pulse. In this 
event the Geiger-Mueller counter continues to 
discharge, drawing current through Ri and so 
biasing off Vi, so that the plate voltage of Vu 
and the suppressor voltage of Vz rise until the 
suppressor can no longer prevent the flow of 
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Fig. 3. Wave forms illustrating quench-drcuit operation. 


plate current in F*. At the end of the delay time 
the grid potential of has recovered to approxi¬ 
mately ground level, and Vz becomes conducting; 
plate current will now flow through i?g since the 
suppressor is no longer biased off. The grid of Vi 
is thus driven negative, and the cycle of opera¬ 
tion, as described above, is repeated, so tliat a 
quench pulse is again produced and applied to 
the Geiger-Mueller anode. Thus a count occur¬ 
ring during the delay time is quenched at the 
end of this time. 

The output is obtained by differentiating, 
through Cl and Rzu the positive square pulse 
appearing at the screen of Vi during the quench 
period. A sharp positive pulse is thus applied to 
the grid of Fa at* the beginning of the quendi 
period and a sharp negative pulse at the end. 
Since Fa is biased beyond cut-off, only the posi¬ 
tive pulse causes this tube to conduct, producing 
a positive output pulse at the cathode and a 
negative output pulse at the plate. These output 
pulses are suitable for operating a scaler, oscillo¬ 
scope, or other auxiliary apparatus. Fa acts as a 
buffer, preventing the output loading from 
having any effect on the operation of the circuit. 

The duration of the quench period is variable 
from approximately 180 to 1800 microseconds. 
This range has been found sufficient for most 
applications, but it can be extended, in either 
direction, by altering the value of C 4 . The delay 
time is approximately 50 microseconds; this also 
can be changed if required by altering the value 
of Cg. The magnitude of the quench pulse applied 
to the Geiger-Mueller anode is determined by the 
voltage drop across Rzo when Fi is conducting; 
since Rgp is large, this is substantially equal to 
the B+ voltage supplied to the plate of this tube. 
For Geiger-Mueller counters operating below 
1500 volts, a quench pulse of 250- to 300-volts 
amplitude is generally quite sufficient; for coun¬ 
ters operating above 2000 volts a SOO-volt 
quench pulse is found to be more suitable. 

The variable resistor R^ controls the bias 
voltage on the suppressor of F«, and therefore 
the triggering level of the circuit. At minimum 
sensitivity (with i?i 4 adjusted to zero resistance), 
the circuit will be triggered by a pulse of approx¬ 
imately 1 - to 2 -voIt 8 amplitude at the grid of Fi; 
this is sufficient sensitivity for most counters, 
but with certain special types it may be desirable 
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to increase the sensitivity somewhat. As the 
sensitivity is increased a point may be reached 
beyond which the circuit becomes unstable and 
goes into self-oscillation, whether a counter is 
connected to it or not. For this reason it is not 
advisable to work with the sensitivity control 
set too close to the point of instability, since this 
may give rise to spurious and repetitive counts. 

The peak amplitude of the output pulses is 
approximately 30 volts and their width 5 micro¬ 
seconds. This has been found satisfactory for 
most purposes. 

It will be seen (Fig. 2) that it is necessary to 
apply the high jx)tential to the counter as a 
negative voltage on the cathode, the anode 
resting at approximately ground level. The stray 
capacitance of the wiring connecting the grid of 
Vu Rit Ru Ci, and the input terminal should be 
kept as low as possible—so also should that of 
the lead from the counter anode to the input 
terminal. If possible, this lead should be short 
and unshielded, in cases where the counter 
capacitance is high, or where a shielded lead is 
nece88aty% so that the stray capacitance to 
ground at the input terminal is unavoidably 
high, a further point arises in connection with 
the circuit operation, as follows: At the end of 
the quench period is cut olT and its plate 
potential rises towards the 5+ level, with time 
constant determined by R^o and the stray capaci¬ 
tance at the input, simultaneously restoring the 
counter anode to its operating potential. If this 
time constant is too long the voltage at the grid 
of Vi will not have recovered sufficiently for Vi 
to become conducting by the end of the delay 
time. In this event the suppressor of Fa will not 
be biased off, so that Fg will draw plate current 
and the circuit will be retriggered, whether a 
discharge has occurred in the counter or not. 
The circuit will go into self-oscillation, which 
will cease as soon as the excessive stray capaci¬ 
tance is removed. To overcome this difficulty, 
it is merely necessary to increase the delay time 
to a safe value, by increasing Cs. 

In constructing this circuit it is advisable to 
use accurate resistors (dbl percent) for i?4, Rs, 
Rtt Rut Ri 7 f R^h Rn^ R^ 9 i Rzot R^i* the rest of 
the components can be of normal tolerance 
(dr 10 percent). -Raai -Rit, should be adjusted 
if necessary, with the circuit in its quiescent 


state, to correct the +120-, +60-, and — 100- 
volt supplies to within ±2 percent; the J5+ volt¬ 
age should be between 260 and 310, but is 
otherwise not critical; C#, Cb can now be ad¬ 
justed, using an oscilloscope, to give tlie desired 
range of quench period and delay time. This 
procedure will take care of the normal non- 
uniformity of tube characteristics and will mini¬ 
mize the work involved in setting up. 

When operating with a 500-voIt quench pulse, 
it is preferable to replace Fs by a 6AG5, since 
it has a higher plate voltage rating than the 
6AK5; the auxiliary 500-volt 5+ supply neces¬ 
sary for this operation (for the plate supply to 
Ffi) is not shown in the diagram. A 6AS6 (made 
by Western Electric) was chosen for Fa, since it 
appeared to have a sharper control characteristic 
on the suppressor than any other available tube. 
A 6SJ7 was chosen for Fi because of its low grid 
current characteristic, although tliere arc doubt¬ 
less other suitable tubes. It appeared desirable 
to make Ri large, so that if the counter should 
go into continuous discharge the voltage devel¬ 
oped across Ri would be sufficient to operate the 
circuit and quench the counter. The large nega¬ 
tive quench pulses, which are applied to the grid 
of Fi, certainly exceed the peak voltage rating 
of this tube by a considerable margin, especially 
with 500'volt operation. However, there appears 
to be no satisfactory remedy for this since the 
only tubes rated for these voltages have otherwise 
unsuitable characteristics. So far no trouble has 
been experienced with the 6SJ7 in this respect, 
but it remains a point to be watched. 

rv, RESULTS 

Plateaux were obtained using the multi¬ 
vibrator quenching circuit with a four-inch long 
platinum cathode of half-an-inch diameter, com¬ 
prising one limb of a compensating counting unit, 
and varying mixtures of carbon dioxide and 
carbon disulfide. These mixtures were varied 
over a wide range—the carbon disulfide from 
approximately 0.001-cm Hg up to 2-cm Hg 
pressure, and the carbon dioxide in approxi¬ 
mately 5-cm steps from 5 to 20 cm Hg. A 
typical set of plateaux, using an external gamma- 
ray source and a quench period Q of 780 micro¬ 
seconds, is shown in Fig. 4 . Good working 
plateaux were obtained even with approximately 
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0.01«cm Hg pressure of carbon disulBde—on 
amount which is small enough to n^lect in 
measuring the pressures of carbon dioxide (say 
10 to 20 cm Hg) to determine the (juantity of 
carbon dioxide in the effective counting volume. 

The effect of changing the quench period Q is 
shown in Fig. 5 where plateaux are plotted for a 
number of quench periods between 100 and 780 
microseconds. 

V. DEAD TIME CORRECTION 

In order to obtain absolute counting rates it is 
necessary to know the correction for counts lost 
during the dead time of the quenching circuit. 

The recorded counts consist of those which 
occur during delay intervals and those which 
occur during the quiescent intervals that follow 
the delay intervals. When a pulse occurs during 
a quiescent interval, the dead time that follows, 
during which pulses cannot be recorded, is Q, 
If a pulse occurs during a delay interval, the 
dead time consists of the remainder of the delay 
time S in addition to the quench period Q, since 
the circuit cannot record more than one pulse 
occurring in the delay time. The dead time for 
such a pulse is Q+fS^ where fS is some fraction 
of 5 (e.g., pulse C in Fig. 6). 

Let Ca be the recorded counting rate, Cr be 
the true counting rate, and r be the effective 
dead time of the circuit. Further, let us consider 
the state of affairs existing at the end of a 
quench period following a count, e.g., as X 
following count B in Fig. 6. The probability of 


no further counts occurring in the subsequent 
delay time { is then equal to exp(—fiCr). 

The probability of one or more counts occur- 
ring during this delay time is, on the other hand, 
equal to 1—exp( —6Cr). 

In other words, if we consider events occurring 
immediately after a time corresponding to X in 
Fig. 6, the probability of the next count occurring 
^after the delay time i.e., in a quiescent period, 
is exp(-“5Cr), while that of its occurring during 
the delay time 6 is 1 — exp( — 5Cr)* 

The number of counts which occur per second 
during quiescent periods, and are recorded, is 
Ca exp(---3Cr). Each of these is followed by a 
dead time Q. 

The number of recorded counts which occur per 
second during delay times is CA(l"”exp(-"5Cr)). 
E^ch of these is followed by a dead time 
where is the average value of fd for all recorded 
pulses occurring p>er second in a delay time. 

But for an effective dead time r the counting 
system is unable to record counts for a total time 
of Cat per second. We have, therefore, that 

Cat = Ca exp( — SCr)Q 

+ CA(l-exp(-8Cr))(Q+n)f 

i.e„ 

exp(“-5Cr)). (1) 

It is now necessary to determine ij. 

Consider times / and t+dt after X and during 
the immediately subsequent delay time 8. 
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Then the chance of no counts occurring during 
t is exp(—/Cr)» while that of a count occurring 
in di is Crdt. 

The chance, therefore, of the first pulse after 
X occurring in the interval t to t-^dt is 
Ct exp(--/CT)d/. 

The average value of t for all counts recorded 
in delay times is thus given by 


i: 


Cr v\p(~‘iCr)tdt 



which is equal to 

1 — exp( — ^Ct*) (1 hCr) 
"rr(l-cxp(~-5Cr)) 


The time requirc^d is, however, tlie average 
time remaining in the delay time 8 after a pulse. 



Fig. 5. Effect on plateaux of altering quench period. 
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This is 

1 — exp(“6Cr)(l + 5Cr) 

-. ( 2 ) 

Cr(l"-exp(“5CT)) 

Substituting this in (1) gives 

—(1 —exp( —6Cr)). (3) 

Ct 

If the exponential term in (3) be expanded, 
we obtain the rapidly converging expression 

(4) 

The time Q+6 can be measured by increasing 
Rq until the multivibrator becomes unstable and 
goes into self-oscillation. When this happens a 
scaler connected to the output will register 
pulses, the number of which per second is equal 
to tlie reciprocal of 0+5. The value of Q may 
be deduced from the setting of the quench-period 
control which, in turn, is calibrated by connecting 
a cathode-ray oscilloscoi)e, having a calibrated 
sweep, to the grid of V^. 

Alternatively, r can be measured experi¬ 
mentally by, say, the two-source method. 

VI. CONCLUSION 

Further experiments using the type of counter 
described, with radioactive have been carried 
out by one of us in collaboration with Mr. R, C. 
Hawkings and Mr. R. F. Hunter, to whom our 
thanks are due for extensive testing of the 
quenching unit. We also wish gratefully to 
acknowledge the help of Mr. F. N. MacGillivray, 
who measured the quench periods for various 
settings of R# using a cathode-ray oscilloscop>e. 
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Apparatus for Cloud-Chamber Investigations with Free Balloons 

E. J. Lofgren, E. P. Nky, and F. Offenheuier 
[/ntverstiy of Minnesota, Minneapolis, Minnesota 
(Received August 19, 194S) 

Apparatus for taking cloud-chamber pictures in free balloon flights is described* The twelve- 
inch cloud chamber is photographed once per minute by stereo cameras. The complete equip¬ 
ment for a six-hour operation at 90,000 to 100,000 feet weighs 65 pounds and is housed in a 
30-inch diameter gondola equipped with temperature control. 


INTRODUCTION 

B alloons have been developed by the 
Cieneral Mills Company which are capable 
of carrying 60 or 70 pounds to altitudes of 90,000 
to 100,000 feet and remaining there for periods 
of hours. These balloons are of the open appendix 
constant volume type and are pear shaped, 70 
feet in diameter by TOO feet long. 'Fhey are made 
of poly-cthelene one one-thousandth inch thick. 
The load is carried by strips of tape which also 
seal the seams. The balloons were used in cloud- 
chamber and photographic emulsion investiga¬ 
tions of cosmic rays. The>^ w'cre flown at Camp 
Ripley, Minnesota by the Aeronautical Research 
Group of General Mills. 


DESCRIPTION OF APPARATUS 

The cloud chamber and associated equipment 
are housed in a 30-inch diameter spherical 



gondola spun from 0.020 inch aluminum. The 
gondola is sealed and has 15 p.s.i. absolute 
pressure maintained in it at all times. Since gas 
is supplied for chamber expansion, it is necessary 
to have a pressure relief valve to hold the 
pressure constant. Although the expansion ratio 
of the chamber is temperature compensated in a 
manner to lie descril^ed later, the gondola tem¬ 
perature is maintained near r(X)m temj^erature 
by regulating the amount of sfilar heating of the 
section of the sphere containing the cloud cham- 
l)er. The arrangement is sliown in Fig. 1. An 
insulating wall of Styrafoam* separates the sphere 
into two sections, the lower of which contains 
the apparatus; this section is internally insulated 
wdth fiberglass and is covered on the outside 
with aluminum foil, A small polar zone on the 
outside of the upper hemisphere is painted black. 
With this arrangement, the lower section would 
reach a temperature below 21®C and the upper 
section a temperature well above it. When the 
section containing the apparatus cools below 
21®C, a thermostat turns on a blower which 
circulates warm air from the upper section. 
Figure 2 is a graph of the temperatures in the 
two sections of the gondola during a winte% 
flight. Because of the great variation in the angle 
of the sun in Minnesota throughout the year, 
it is necessary to make an adjustment in the 
fraction of the sphere which is painted black. 
The reason for this is that the insulating barrier 
between the top and bottom allows some heat to 
flow when the blower is not on. The black polar 
zone was 35 inches in diameter on the February 
flight whose record is shown. The adjustment of 


Fig. 1. The sphere and major components are shown. Air * Styrafoam is a form of polystyrene for insulating 
IS blown through the upper hot compartment by a thermo- purpom. It is made by the Dow Chemical Company, 
stat-controlled blower to provide temperature regulation. Midland, Michigan. 
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the size of the black zone has not been correctly 
made on all flights, and temperatures have be¬ 
come as high as 30®C at the end of some flights. 
During the first hour in which the balloon 
ascends to 60,000 feet, there is a larger heat loss 
than at the equilibrium high altitude conditions. 
This is clearly evident in the initial dip of the 
temperature curve. Batteries which could be 
jettisoned at 50,000 feet were used to make up 
this loss on some flights, but their weight was 
excessive and they were later replaced by a 
candle and oxygen supply sufficient for hours. 

Figure 1 also shows the main components 
of equipment. The twelve-inch diameter cloud 
chamber is of the rubber diaphragm type whose 
expansion ratio is determined by compression to 
a fixed pressure. Most of the experiments have 
been carried out with either four or five quarter- 
inch thick lead plates in the chamber. The clear¬ 
ing field is applied between the plates. The 
chamber is fabricated from aluminum and mag¬ 
nesium and weighs 12 pounds without plates. 
The aluminum is anodized wherever it is in 
contact with the sensitive volume of the cloud 
chamber. The photographs are taken by two 
cameras between w^hose optic axes there is an 
angle of 27°. The lenses arc 26-mm focal length 
and //4 aperture and cover a frame 15/16 inch 
square on 35-mm film. The film is driven con¬ 
tinuously by the motor which drives the cycling 
cams. The camera bodies are one-piece mag¬ 
nesium castings. The cameras weigh 1 pound 
each. The chamber is illuminated by a pair of 
flash lamps with immersion lens systems which 
have been previously described.^ The flash lamps* 
are design^ to operate at 1000 volts and can be 
triggered at voltages as low as 400 volts. The 
lamps are operated by applying a voltage pulse 
to a model airplane spark coil connected to the 
aluminized reflector on the lamps. The flash lamp 
condensers are Mallory Electrolytics with etched 
plate cathodes, type W.P. There have been no 
failures of these condensers. They weigh i as 
^uch as oil filled condensers for the same stored 
energy/Each light has three 350-volt 120-micro¬ 
farad condensers in series which are charged suc- 

• Lofgren, Ney, and Oppenheimer, Rev. Sci. Inst. IQ, 271 
(194S). 

*Ma<le by Anglo Corporation, 4234 Lincoln Avenue, 
Chicago, 



Fig 2. Observed gondola temperatures in the two sections 
of the sphere during a February flight. 


cessively from a 400-volt battery made of sections 
of Mini-Max Battery No. 493. The cyclic charg¬ 
ing is accomplished by a switch on the timing 
motor. The illumination system complete with a 
battery to last seven hours weighs 5^ pounds. 
The clearing field for the chamber is obtained 
from the voltage across one condenser. 

The cycling is carried out by a constant speed 
d.c. motor with a cam arrangement.® This is 
shown in Fig. 3. The motor consumes one watt 
at six volts. Doubling the voltage changes the 
speed less than i percent. Cam set A consists of 
cams for short circuiting the clearing field, 
expanding the chamber and flashing the lights. 
In order to achieve accuracy in setting these 
cams, the shaft which operates them turns 
approximately 36 r.p.m. The chamber is ex¬ 
panded once per minute so Cam 5, which 
actuates a micro switch, functions as a permissive 
switch, allowing cam set A to operate the cham¬ 
ber only when B is actuated. Figure 3 also shows 
the switch, C, which cycles the condenser charg- 



Fig. 3. Constant speed d.c. motor. .4™Light trigger, 
chamber expansion, and clearing field contracts. S—< 
Permissive switch operating once a minute, C—Condenser 
charging switch. 
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Fig. 4* Pressure rejmlating system. A —High pressure 
inlet. B —spring loaded first stage valve, pressure reduced 
to 30 p.s.i. C-“Second stage valve. D —Diaphragm whose 
motion actuates second stage valve. E —Insulated reference 
volume containing air and alcohol. The tubular diaphragm 
in the reference volume prevents migration of the alcohol. 
/'—Outlet to cloud chamber. 

ing batter>^ This motor, the blower, and the fan 
are powered by Vitamite^ storage batteries. 

The gas for chamber expansion is supplied 
from a 500-cu in. Air Forces oxygen tank which 
is filled to 800 p.s.i. The gas supply is sufficient 
for a six-hour flight. The pressure is reduced and 
regulated by means of a modified Air Corps 
twO"Stiige regulator valve. The second stage is 
constructed in such a way that gas is allowed to 
flow to compress the chamber until the pressure 
is equal to the pressure in a reference volume 
(see Fig. 4). The pressure in the reference volume 
then determines the compressed pressure and 
volume of the cloud chamber. If Ap is the differ¬ 
ence between expanded and compressed pressures 
and p is the expanded pressure, then with our 
chamber to get the best tracks at any tempera¬ 
ture, Ap/p must increase with temperature about 
1 percent per degree C. This can be accom- 

/ Made by the Vitamiie Company, 227 W. 64th St., New 
York City. 


plished if the pressure in the reference volume 
increases faster with temperature than the ex¬ 
panded cloud-chamber pressure. With argon and 
a mixture of 70 percent ethyl alcohol and 30 
percent water by volume in the cloud chamber, 
and with a permanent gas and pure alcohol in 
the reference volume, the desired compensation 
was obtained over a temperature range of at 
least 15®C. In order to have the system operate 
while the temperature was changing, it was also 
necessary to make the thennal time constant of 
the reference volume the same as that of the 
chamber. This was approximated by adjusting 
the quantity of alcohol and the insulation of the 
reference chamber. A rubber diaphragm in the 
reference volume k^^eps the alcohol from distilling 
out of the volume. This is a modification of a 
system used by Leighton.^ 

The entire assembled system weighs about 65 
pounds. Figure 5 shows the complete apparatus 
with the top hemisphere removed. 

OPERATION 

Eight cloud-chamber flights have been made. 
Six were recovered and of these five have yielded 
about 500 useful photographs. Some of the 



Fig. Genera! view of the completed apparatus. All of the 
components are attached to the hortaontal flange. 

* Robert B. Leighton, Rev. Sci. Inst. 19, 274 (194S); 
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Fig. 6. Burst of penetratinji particles and heavily ioruzini> 
particles pnxluced bv a wneirating panicle. Altitude 
83,000 fetn. 


results have already been [lublished.® One photo¬ 
graph, Fig. 6, is included here as an example. It 


• Freier, Lofgren, Ney. OiJponheiincr, Hradt and Peters, 
Phys. Rev. 74, 213 (1948). 


shows a nuclear disintegration produced at 
83,000 feet by a fast penetrating particle. The 
disintegration contains fast penetrating and slow 
highly ionizing fragments. 

We wish to express our appreciation for the 
ONR support which made this work possible 
and to Dr. Urner Lid del for his continued 
interest. These flights would not have been 
possible without the full cooperation of the 
General Mills Corporation and especially of T. R. 
James and Henry Stinger. The recovery was 
made possible in most cases because of the 
assistance of Captain Swenson and other pilots 
at Wold Chamberlain Field. We wish to thank 
J. T. 'Fate for his encouragement, and Rudolph 
Thorness and George DeWitt for l^elp in the 
design and construction of the apparatus. 
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The Statistical Theory of the Dead Time Losses of a Counter 

C. E. Cl. ARK 

Maihemativs Department, Emory University, Emory University, Georgia 
(Received April 9, 1948) 

In the case of events at random times, the number of events must be estimated from the 
number of conn is recorded by a counter. In this .irticie we study the statistical distribution 
of the unknown number of events. Wc show that this distribution is approximately nornv'il, 


and wc approximate the siantlard deviation. 

A COCNTKR such as a Ctcigcr counter 
misses some counts because parts of the 
instrument have dead time intervals following 
any one of the impulses that are being counted. 
Let M-inipulses occur, and let v be the number of 
these impulses recordctl by the counter. For the 
case in which the impulses occur at random 
times, there have appearcxl in the literature 
methods of approximating £(m)» the expected 
value of asvsuming y is known.^ Jn this article 
we extend these results by studying the statistical 
distribution of We show that m is a]>proxi- 
mately normally distributed with standard devi¬ 
ation 

(£(M)Cii(M) (^) 

This information is needed before we cim infer 
that a small difference between E(p) and v 
implies a small difference between ju and v. 
Moreover we can use a counter when £(/u) — f Is 

^^Sec, for example, L. Alaoglu and N. M. Smith, Jr., 
Phyi. Rev. S3, 332 (1938). 


large because we have fiducial limits for and 
we know how many counts we must have for 
£(m) to be an adequate estimate of m- 
To derive the distribution of m we note that /x 
could theoretically any integer not less than f. 
The probability P(fi) that given F-counts, the 
unknown number of impulses is is proportional 
to the probability that F-counts would be 
recorded in a run of M-impulses. Since the proba¬ 
bility that an impulse is counted is P“£y/E(fji)2* 
we obtain from the theory of probability that 

Pip) — (kfi !/F !(m •“ f) 

where k is the constant of proportionality men¬ 
tioned above, and To determine k wc 

note that, summing from m = ^ to oo, 

[ F +1 

E^(m) = — ^P'9 

+---/>'<?*+••• [. 
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Since g<l, this expression reduces to a con¬ 
vergent binomial series expansion, and we have 
that 

EP(m)=*/>’(! 

Since probability theory gives = we 

have k=p and 


Relations between the binomial and normal 
distributions imply that approximately 


where 


<r(2ry 


{p-pi^y 

2<P 


(T*= fipq. 

Setting p^ — qlp and rearranging we see that 


P{p)- 


, l(-;y 


p(2tai)* 


exp 




Setting 


P 


( 2 ) 


and multiplying P{p) by dit/dy’^i*)^ we obtain 
the probability distribution of y as 



Xexp 



We see that for large v, approximately 


(/>)* 

p[y) =-exp 

•P(27r)» 


py^ 

V 


Hence y is approximately normally distributed 
with mean zero and standard deviation p/{p)^ 
This with (2) shows that p is approxi¬ 
mately normally distributed with mean v/p 
=£(/u) and standard deviation {vq)^lp. Since 
/> = [v/£(/<)], the standard deviation of p can be 
reduced to (1). 
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An Apparatus for Determming the Effect of Centrifugal Force on the Potentials of 

Galvanic Cells 


B. Roger Rav^ and D. A. MacInnes 

Laboratories of The Rochtfdlef Institute for Medical Research, New York, New York 
(Received October 7, 1948) 

A a apparatus is described with which electric potentials, developed as a result of phenomena 
occurring in the rotor of a centrifuge, can be measured within one microvolt, and radial temper¬ 
ature differences in the rotor can be determined and controlled within 0.01®, Rotation in a 
vacuum minimizes the rise of temperature of the rotor, which can also be measured. The 
speed of rotation is controlled by a friction drive within 0.01 percent and maintained at definite 
values, between 400 to 7^00 r.p.m., corresponding to stroboscopic patterns. The instrument 
was designed to measure the effect of centrifugal fields on simple galvanic cells. 


T he effect of centrifugal fields on simple 
galvanic cells has been studied by des 
Coudres^ and by Tolman.® Some preliminary 


measurements have also been reported by Mac¬ 
Innes,* In the investigations by Tolman, and by 
MacInnes, the galvanic cells were of the type 


* National Research Council Fellow, 1945-47; Mercl 
Fellow in the Natural Sciences under the National Researd 
Council, 1947-48. Present address, Chemistry Depart 
ment, University of Illinois, Urhana, Illinois. 

^T. des Coudres, Ann. Physik 49, 284 (1893); 57, 23; 
(1896). 

• R. C. Tolman, Proc. Am. Acad. 46, 109 (1910) j I. Am 
Cbem. Soc. 33, 121 (1911). 


(Pt) : I„ KI, I, : (Pt) 

r, fi 

in which two, otherwise identical, iodide-iodine 


' D. A. MacInnes, Ann. New Yoiic Acad. Sci. 43, 343 
(1942). 
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electrodes were placed at radii ri and r 2 in a 
centrifugal field. The limiting form of the thermo¬ 
dynamic equation for the resulting potential, £, 
is 

££« “ ^^kxp) 

( 1 ) 

in which F is the faraday, n is the number of 
rotations per second, /k is the transference 
number of the cation constituent, p the density 
of the solution, Mki and Vki are the molecular 
weight and partial molal volume of potassium 
iodide, and Aft and Vi are the atomic weight 
and partial atomic volume of iodine. Since all 
the other terms are known or can be measured, 
this furnished a method for determining the 
transference number, The method provides 
a means for investigation of salts in non-aqueous 
solvents, for which other procedures have proved 
inadequate. 

The apparatus to be descrilwd is the result of 
a long research undertaken with the purpose of 
making the centrifugal method an accurate 
means of obtaining transference numbers and 
ionic mobilities in solutions. The method involves 
(a) precise measurement of the potential of the 
cell; (b) adequate speed control and measure¬ 
ment; (c) control of the temperature gradient 
across the rotor; (d) measurement of the temper¬ 
ature of the rotor; and (e) control of the atmos¬ 
phere surrounding the galvanic cell. In addition 
the constants r i and rs of Kq. (1) must be very 
accurately known. 

The apparatus and the electrical connections 
are shown diagrammatically in Fig, 1. the rotor 
R^R is turned by means of the pressure of the 
disk D on the plate P, which is rotated by the 
synchronous motor M. The rotor speed can be 
varied by changing the position of the disk D 
with relation to the plate P. The potential 
between the electrodes Ei and £2 of the cell C 
is measured, during the rotation, by electrical 
contacts through the mercury commutators <?3 
and Gi. The difference of temperature at radii 
corresponding to the positions of £1 and £2 is 
obtained by means of the themiojunctions 7—/ 
(actually arranged around the cell 0, the 
thermopotential being measured between the 
commutators Gt and Gi, Finally, the temperatufe 
of the rotor is found, using a single junction in 


the rotor, the commutators Gi and G^ 2 , and the 
external ice bath K. 

THE CELLS 

Two forms of galvanic cells are used. For the 
type shown in Fig. 2A the cylindrical vessel A 
was machined from the plastic CR 39, kindly 
furnished by the American Plate Glass Company. 
This plastic is cJiemically resistant and is not 
readily deformed. One of the electrodes, £ 2 , rests 
on the bottom of vessel A and the other, £ 1 , on 
a shoulder of the vessel. The closing cap consists 
of two parts, B and £, the first made of CR 39, 
and tlie other of Lucite. The two materials are 
necessary since the CR 39 is too brittle to 
support the screw threads of the nuts used in 
sealing the cell, as described below. Three holes 
pass through the cap P, two of which are used 
for the leads Li and L 2 to the two electrodes, and 
another for filling the cell. The cap K carries 
three Lucite nuts, Du D%, and Z> 3 , which exert 
pressure on Lucite w^ashers, P, and the Neoprene 
gaskets, N. The filling hole is closed by the use 
of a Neoprene gasket and a CR 39 plug R with 
an attached circular disk replacing the washer. 
I'he vessel A and the caps are enclosed in a 
silver plated brass shell H, Four longitudinal 
slots (not shown) are cut into the cylindrical 
wall of this shell, so that the filling process can 
be observed through the transparent walls of 
vessel A. A threaded brass ring M provides 
pressure through a Pliofilm gasket P holding the 
caps against the vessel A . 
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A B 

Fig. 2.'The galvanic cells. 


The electrodes Ex and E% are made of disks of 
platinum ^ respectively 13 mm and 11 mm in 
diameter, and 0.2 mm thick, to which No. 24 
platinum wire is welded. These wires are enclosed 
in soft glass tubing, which, at the point of 
contact with the electrode, is se<iled to the wire 
with lead glass. 

These cells have the advantages that they are 
not fragile and that the dimensions, from which 
values of ri and of Eq. (1) can be obtained, can 
be measured accurately with a depth gauge. As 
a result of their complexity they are somewhat 
hard to keep clean. Glass parts replacing the 
plastic vessel A and the cap B have been con¬ 
structed but have not yet been fully tested. 

A simpler cell which has also been used is 
shown in Fig. 2B. In this design the electrodes 
El and E^ are sealed into the Jena 16 III glass 
wall of the cell. The platinum wire 4eads, Lx 
and Li are enclosed in flexible plastic tubing. 
Filling and removal of solution are carried out 
through the tube T which is closed with a ground 
glass cap G, The whole glass cell is enclosed in 
the brass shell 5, the H])ace between the shell 
and cell being filled with vaseline. This semifluid 
material helps to equalize the pressure on the 
two sides of the glass walls and bottom of the 



cell when in a centrifugal field. Two Bakclile 
spacers, Fi and K 2 , liold the glass c:ell in a fixed 
position in the shell 5. Though the dimensions 
of this cell cannot be obtained with the accuracy 
of tJie plastic cell described above, it is more 
readily cleaned and manipulated. It can also be 
calibrated with the aid of data obtained with the 
other cell. 

THE ROTOR 

The rotor, which is shown in horizontal cross^ 
section in Fig. 3, and in vertical cross section in 
Fig. 4, is constructed from a disk of magnesium 
23 cm in diameter, and 5 cm thick. Two cy¬ 
lindrical channels, and of 2S-mrn 

and 13-mm diameter, respectively, are bored at 
right angles through the disk. In order to show 
details of construction clearly, the diameters ot 
these channels and their constants relative to 
their lengths have been doubled in Fig. 3 but 
are in tlie correct proportions in Fig. 4. In the 
channel A-A^ of Fig. 3 is placed the cell C and 
the counterpoise K. This counterpoise is made 
to resemble the cell closely, since a precise 
balance has been found necessary to eliminate 
vibration, for the speed control, and to be sure 
that the rotor turns around its geometrical 
center. The channel B-B^ provides readily acces¬ 
sible electrical connections to the cell and the 
thermojunctions. The channel is lined with an 
insulating tubing. Bakeiite rings, F and F\ at 
each end of the channel carry metal insulated 
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sectors S, which are fitted with screws for 
fastening the ends of wire leads. One of these 
rings is shown at the top of the figure. At the 
ring F* the two leads from the cell C pass to the 
metal sectors, which are, in turn, connected by 
wires to the commutators Os and G 4 , as shown 
in F'igs. 1 and 4.^ 

The cell C is enclosed by a thin cylindrical 
Bakelitc shell D-D in which are embedded the 
copf^er-con Stan tan wires which ft)rm 22 junctions, 
11 of which are at a radius corresponding to 
electrode E 2 and 11 corresponding to Ei, The 
terminal leads of these junctions are connected 
to metal stxtors on the insulating rings F and F' 
from which copper wires pass to the commutators 
G 2 and ( 74 , and a constantan wire connects 
through a sector on ring F to 0\, It is pt^ssible 
to remove this cylindrical shell without disturb¬ 
ing the leads to G\ and Gi which f)ass through 


the hollow shaft on which the rotor is suspended. 
As explained above, the purpose of the multiple 
junctions is to determine the difference of 
temperature existing between the electrodes Et 
and Fi. 

In order to control the atmosphere surrounding 
the cell C arrangements are made for sweeping 
out the free spaces in the channels A-A* and 
with a gas, such as nitrogen, and to keep 
the gas from escaping while the measurements 
are being made. For this p^irpose the end of 
each channel is furnished with a closing device, 
the separate parts of which are shown on the 
left hand side of channel A-A^. The threaded 
annular ring H presses against a disk J which In 
turn compresses the Neoprene gasket N which 
is recessed into the wall of the channel, thus 
forming a gas-tight seal. A cylindrical projection 
from the disk J is fitted with a threaded plug L, 



^ It is necessary to connect the wires from the cell C to the sectors S on the ring F before inserting the cell into 
the ^annel The lead wires must therefore be long enough to extend out of the open end of this channel. 

On inserting the cell the extra lengths of the wires (not shown) are looped into the channel and toward the 

ring F. To pull the wires in this dir^tion as the cell C is slid into place, there is a cord attached to a small slip 
ring passing around both wires. This cord is detached after use. For the lead wires a light, many-stranded insu¬ 
lated cable, such as is used with hearing aids, is serviceable. For connecting to the cell C these wires are soldered to 
tiny screw clamps which grip the platinum leads from the electrizes. An annoying tendency of the leads to break at 
the soldered joint has been overcame by the use of a low melting alloy, Cerrolow 117, made by the Cerro di Pasco 
Company. 
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FtG. S. Speed regulation mechanism. 


This, with the washer M, is used to close the 
small hole, o, which is used for the entrance and 
exit of gas. In order to sweep out the channels 
with nitrogen the plug L is replaced with a 
threaded brass tube connected to the source of 
the gas. Similar tubes are placed at the ends of 
the other channels, and bubble tubes are attached 
to indicate the rate at which the gas is passing. 
After the channels are fully swept out the 
threaded plugs L are replaced, one at a time, 
while the gas continues flowing. It is quite 
essential that the channels should be gas-tight 
since during a determination the rotor is sur¬ 
rounded by a vacuum and leakage would reduce 
the vacuum and might also result in disturbance 
of the solution in the cell. 

Further details of construction of the rotor are 
shown in vertical cross section in Fig. 4. Since 
it is convenient to be able to remove the rotor 
without disturbing the copper, and constantan 
leads that pass through the hollow shaft S, a 
special connector for these leads has‘been pro¬ 
vided. The constantan wire from the rotor passes 
to a small cylinder 0 of that material and the 
copper wire is connected to a copper ring R, 
the two being fitted into a Bakelite disk D, This 
disk holds a small rubber stopper through which 
both wires pass and which forms a gas-tight seal. 
A rubber ring under the disk completes the seal. 
The wires passing down through the shaft 5 
terminate in a constantan pin O' and a copper 


ring R'. These are set into a Bakelite disk D' 
which is fastened into the steel member V which, 
with the aid of the chuck W, is firmly attached 
to the flexible shaft S. To fasten the rotor to 
the member V and thus to the shaft S the collar 
Q is brought into place so that its screw threads 
engage those on the rotor, with the result that 
the electrical connections are also made. A 
rubber washer under the copper ring R assures 
a' firm contact with R'. During this process the 
rotor is held by four clamps, one of which can 
be seen on a supporting post in Fig. 6. 

The bottom surface of the rotor carries the 
leads to the commutators £r» and Gi which will 
be described below. 

The vacuum chamber in which the rotor turns 
has been made by modifying a commercial 
aluminum pressure vessel, a cross section of 
which is indicated in Fig. 4. The rim of the 
vessel has been turned down so that the gasket 
L is on the outside edge. As can be seen in Fig. 6 
the cover of this vessel is supported by the 
framework. From this cover A-A of Fig. 4 are 
suspended the stationary parts of the commu-^ 
tators <jr» and G^. 

In this cover is also mounted a vacuum-tight, 
water cooled bearing through which passes the 
flexible shaft 5. To obtain correct values of the 
centrifugal potential of the galvanic cells C, it is 
necessary to prevent the development of a radial 
temperature gradient across the rotor, and it is 
further desirable that the rotor temperature 
should not rise during a determination. Rotation 
in a vacuum of 1 m or less prevents the production 
of appreciable heat through gas friction. The 
temperature at the bearing can be controlled by 
appropriate cooling. In practice the radial 
temperature differences have been reduced to less 
than 0.01“ by empirically choosing the tempera¬ 
ture of the water circulating around the bearing. 
This cooling water comes from a small thermo¬ 
stat, and is driven through the coils H with the 
aid of a “Marco" diaphragm pump. The coils 
are joined to the bronze bearing M, which is, in 
turn, fitted into the Neoprene mounting N, 
which fi^ves additional flendbility to the rotating 
system. An annular projection of this mounting 
is fastened to the brass cup B by means of the 
ring T, the cup itself being joined solidly to the 
cover with the gas-tight sea! F. The space Y 
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holds vacuum pump oil, which lubricates the 
bronze bearing M. Since there is a ]>ressure 
difference of one atmosphere across this bearing 
the oil is slowly forced along the shaft It is, 
however, thrown into the chamber J by the disk 
K which is attached to the shaft, 

THE SPIED CONTROL 

Details of the arrangement for speed control 
are shown in Fig. 5. The hollow shaft 5' turns 
on the ball bearings Ri and R%. At the lower end 
of this shaft is a universiil joint which supports 
and rotates the flexible hollow shaft, 5, of Fig. 4, 
to which the rotor is attached. Around the shaft 
S* and running on the ball bearing Rz is the disk 
D carrying a ring of Neoprene N. This presses 
lightly on the flat circular aluminum plate P 
which is rotated 1800 r.p.m. by the I h.p., G.E,, 
synchronous motor, M. This motor is mounted 
on an extension of the supporting plate 1\ and 
is furnished with an adjusting screw and bolts 
(not shown) so that the pressure of the Neoprene 
ring N on the rotating plate P can be adjusted 
and held at a definite value. The disk D is 
keyed into a vertical slot on the shaft 5' so that 
disk and shaft turn together. The position of 
the contact point of the ring and the plate can 
l)e shifted by use of the knurled knob K which 
operates the threaded r(xl V, With this arrange¬ 
ment the rotational speed can be adjusted with 
high accuracy from 400 to 7200 r.p.m. The top 
end of the shaft 5' carries a stroboscopic disk F 
with one white radial band on a black back¬ 
ground. With a stroboscopic lamp illuminating 
this disk with pulses of light at a constant 
frequency a series of symmetrical patterns are 
observed as the rotational speed ivS varied. The 
use of these patterns to establish speeds with 
high precision is described in a paper from this 
laboratory,* Since tliis method requires a rough 
preliminary knowledge of the speed a pointer 
moving with the disk D passes over a scale 
attached to the post W. This is shown in Fig. 6. 
With occasional slight manual adjustments it 
has been found that the speeds can be readily 
held within O.Ol percent at any desired value 
within the range of the apparatus. 


THE MERCURY COMMUTATORS 

The detail that probably contributed most to 
the success of the apparatus is the design of the 
mercuf}' commutators, Gi and G% of Fig. 5 and 
Gz and G^ of Fig. 4. It was possible, with these 
connections from the stationary to the rotating 
parts of the apparatus, to make measurements 
of potentials within 1 microvolt. This precision 
is necessiiry because the highest |)otentials deter¬ 
mined are of the order of a millivolt. As shown 
in Fig. 4 the leads from the electrodes Ei and Ez 
of the cell C pass through a small rubber stopper, 
and then to sup|X)rts for the copper needle X and 
the hollow copper tube Z. Below these is shown 
a Lucite cylinder in which there is a small pool 
of mercury P and an annular ring of mercury t/. 
By a rack and pinion motion the Lucite cylinder 
can be raisetl so that the cop|>er pin is inserted 
into the pool of mercury and the hollow tube 
into the annular ring. Adjusting screws 7-7 make 
an accurate centering possible. The contactors 
A' and Z must not rub against the Lucite walls 
or jiotentials will be develojied. Repeated tests 
of this pair of commutiitors have been made in 
which the leads to the cell have been shorted 



*D. A. Macinnes, Rev. Sci. Inst. 14, 14 (1943), 


Fig. 6. Apparatus and support. 
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Fig. 7. Typical results. E.M.F. of cell in microvolts vs. 
square of revolutions per second. 

and the speed of rotation increased to its highest 
value, Jn no case has the observed potential 
been over 1 microvolt, and it is usually less than 
this. It has been found desirable to have the 
tube Z of small diameter (8 mm) to reduce 
peripheral speed and with a smooth, well amalga¬ 
mated surface. The mercury reservoirs should 
not be too small otherwise potentials will de¬ 
velop, probably due to heat effects. 

Because of their position the design of the 
commutators Gi and of Fig. 5 is slightly 
different from those just described. The copper 
and constantan wires which pass up through the 
shaft S' end respectively in a copper tube A and 
a constantan pin B which are insulated from 
each other. Connection from this pin to the 
annular ring of mercury in the commutator Gi 
is made with the overhang sleeve of ^constantan 
attached to the lower side of the stroboscopic 
disk F, A similar sleeve joins the copper tube A 
with the mercury in commutator G 2 . 

SOMB TYPICAL RESULTS 

The results of two typical experiments are 
shown in Fig. 7, in which values of the potentials, 
£, in microvolts, are plotted as functions of the 


square, of the speed of rotation in seconds. 
In this plot line I refers to data obtained with 
an aqueous solution of 0.2-nonnal potassium 
iodide and 0.01 iodine, using the plastic cell 
shown in Fig. 2A. Line JJ is the corresponding 
plot for a solution of 0.2 N KI and 0.07 N in 
pure methanol, in the glass cell of Fig. 2B. 
According to Eq. (1) these relations should be 
linear. That they are straight lines to very high 
'accuracy is shown by plotting the slopes, 
against values of n* as shown in I A and II A. 
These slopes are seen to be constant within a 
very' small limit of error. 

To anticipate conclusions which will be pub¬ 
lished in full elsewhere, the interpretation of the 
results on a series of measurements on the 
aqueous solutions of potassium iodide and iodine 
leads to values of the transference number, /k» 
in very^ close accord with those found by Longs- 
worth* by the quite independent moving bound¬ 
ary methcKi for detennining these constants. The 
data, and a modification of Eq. (1), based on a 
more complete understanding of the cell process, 
have also yielded a quite new method for 
demonstrating the presence of the complex ion 
in these solutions. 

Up to the present it has not been possible to 
obtain transference numbers in non-aqueous 
solutions by the Hittorf and moving boundary 
procedures. This is due to disturbance's arising 
from Joule heat effects. The results obtained 
with this centrifugal method for solutions in 
methanol indicate that transference numbers can 
now be obtained in many non-aqueous solvents. 
Together with conductance determinations these 
constants can be used to obtain ion constituent 
mobilities, and with e.m.f. measurements on 
simple galvanic ceils they will serve for the 
computation of activity coefficients in solvents 
other than water. 
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Transient effects on electrical energy measurements in calorimetry will be minimized if P, 
the power developed in the heater, satiaffes the condition dP/dR"^0, where R is the resistance 
in which the power is developed. It ia shown that this condition is satisfied if the resistance U 
between the two points of the supply network to which R is connected is kept equal to R, 

Circuits for maintaining this condition are described. 


T he electrical energy supplied to a calo¬ 
rimeter in a heating period of length t is 
where E is the e.m.f, across the 
heater and I is the current through it. A series 
of suitably timed readings of both E and I is 
ordinarily made, from.which the power P — EI 
may Ixr computai as a function of time. This 
permits the integral to be evaluated accurately 
even though, as is usually found, both E and I 
show small, more or less unifonn upward or 
downward trends. There may, however, be rapid 
changes at the very beginning of a heating period 
which cannot be conveniently followed in tlie 
measurements of E and 7. 'Fhese arc caused by 
a change in the resistance of the heater which 
results from its rapid rise in temperature. If it 
is assumed that the power during the period of 
rapid change is the same as that observed later 
in the heating j^eriod, an error may be intro¬ 
duced. In rnan>^ calorimeters this error is negli¬ 
gible. Osborne, Stimson, and Ginnings^ found 
this to be the case, using a ballistic galvanometer 
to integrate the effect. The possibilities of error 
become larger, however, (1) if the heating period 
is short, (2) if the heater is in poor thermal 
contact with the calorimeter, or (3) if the heater 
has a relatively high temperature coefficient of 
resistance. All three of these conditions occa¬ 
sionally arise in practice. 

Calorimetric workers do not seem to be gener¬ 
ally aware that errors due to transient effects 
can be greatly reduced by an approximate 
matching of the resistance of the supply circuit 
to the resistance of the calorimeter heater. If 


^ N, S. Osborne, H. F. Stimson, and D. C. Gmnings, 
'‘Measurements of the heat capacity and heat of vaponata- 
tlon 0? water in the range 0* to 100°C. ’ J. Research Nat. 
Bur. Stand, 23, 197-260 (1939). 


the resistance U of the supply circuit is made 
equal to the resistance R of the calorimeter 
heater, tlie power developed in the latter satisfies 
the condition dP/dR — 0. Probably the most 
wridely ust^d power-control circuit for calorimetry 
is the simple series circuit of Fig. la. It is 
commonly used either with j 4<(1/10 to l/57i) 
or with .4 > (5 to lOi?). The first condition tends 
to keep E cc^pistant as R changes, throwing the 
variation into 7; for the second condition the 
conveise is true. Either of these arrangements 
is satisfactory where transient errors are unim¬ 
portant, which is nonnally the case. However, 
if there is reason to expect transient effects to be 
appreciable, it is preferable to operate in the 
matched condition (t/—i?, dP/dR=^0). Match¬ 
ing might be more often adopt^l if it did not 
mean that the resistor A (Fig. la) is no longer 
available as a means of adjusting the power. 

It is not difficult to design control circuits 
wffiich permit the power to be adjusted by means 
of resistors, and which may still be kept matched 
at all times. One of the simplest of such circuits 
is that of Fig. lb. It consists of a potential 
divider D connected across a bank of cells, with 
an adjustable resistor A in series with- the- 
movable tap. The required range of adjustment 
of A is generally only a small fraction of its 
maximum resistance. In addition there are a 
standard resistor in which 7 is measured and a 
milliammeter for convenience in adjusting the 
current. In both the circuits of Fig. 1 the condi¬ 
tion of matching is properly met if the resistance 
from point 1 to point 2 is equal to it by either 
the right-hand or left-hand path. For circuit a 
this is evident from first principles. Letting the 
resistance from 1 to 2 via the right-hand path 
59 
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be U and letting the e.m.f. of the battery on 
open circuit be £it is easily shown that the 
power developed in R is P^RP^R[E<x>/{R 
+ U)\^ and that {R/P){dP/dR)^{\-R/U)/ 
(l+£/Z7). Hence, dP/dR^O when R^U, 
«£*oc/4t/and P/Pn.^^-^i/(l+R/U){l+U/R). 
The expressions for P/Pm^x and for the loga¬ 
rithmic derivative {R/P){dP/dR) are particu¬ 
larly useful because they depend only on the 
ratio of R to f/. 

By properly defining £oo and i/, these 
results may be made to apply to any resistance 
in any network of resistances and batteries. 
According to Th^venin's®’*-^ theorem, any two 
points on such a network may be considered to 
be the terminals of an equivalent cell. The 
current which may be drawn from the two points 
by connecting them with an additional conductor 
is the same as that which could be drawn from a 
cell of e.m.f. £ «> and internal resistance t/, when 
£oo and U are the'e.m.f. and resistance between 
the two points of the network before the addi- 



Fig. 1. Two circuits for controlling; the power supplied 
to a calorimeter. Circuit a is the one most commoiUy used. 
Circuit h is preferable when the resistances of calorimeter 
and supply network are to be kept matched. 


* Frank Wenner, *‘A principle governing the distribution 
of current in systems of linear conductors/’ Proc. Phys. 
Soc. 39, 124-43 (1927). 

T^venin, *'On a new theorem of dynamic elec¬ 
tricity/’Comptes rendus 97, 159-61 (1883). 

* William Littell Everitt. Communication Engineerim, 

?? (McGraw-Hill Book Company, Inc., New 

York, 1937). A very satisfactory discussion of the applica¬ 
tion or the theorem to a.c, circuits. 


tional conductor is attached. In applying the 
theorem to circuit b, the two points chosen are 
1 and 2, before either if or the dummy is con¬ 
nected, Since the entire right-hand side of the 
circuit is equivalent to a cell of £<« and 

internal resistance t/, the current which will flow 
when if is connected is /»£Qo/(i?+1/). But 
this expression is the same as that for the simple 
series circuit a, and hence all the results found 
.above for it apply to this circuit also. They 
apply in fact to any network of resistances and 
batteries which may be devised to supply power 
to the calorimeter. 

The author has used circuit b in calorimetric 
work and found it to be satisfactory. 'Fhe 
potential divider f) is composed of several fixed 
resistors in series, as a single resistor with a 
sliding contact was found to be too unsteady. 
The condition of matching (f/=£) is maintained 
by adjusting A (between heating periods) to 
compensate for changes in R caused by changes 
in temperature. A convenient method of making 
the adjustment makes use of the fact that when 
£=[/, £-£ 00 / 2 . First the dummy is made 
equal to R by means of readings of £. Then 
resistances A and D are adjusted as desired 
until, when the resistance of the dummy is made 
infinite, the e.m.f, across it is doubled. If it is 
preferred not to interrupt the current long 
enough for £<» to be measured, the dummy may 
be arranged so that its resistance can be changed 
by several percent. The power is then measured 
for two values of the dummy resistor, AP/AR 
computed, and the circuit adjusted to make this 
quantity zero. 

Fortunately P/Pmxx plotted versus R/U has a 
fairly broad maximum. Hence, the adjustment 
to make if« £/ does not need to be made with 
very great accuracy, and it may in some cases 
be permissible to use a fixed resistor for A. 
Assuming the battery to have zero resistance, 
the combined contribution of D and the battery 
to U varies from 0 to i?/4, having its minimum 
value when the tap is at either end and its 
maximum value when the tap is in the middle. 
If A is properly chosen U will never differ from 
if by more than D/8 as a result of adjustment 
of D. Hence if D is a relatively low resistance 
and the changes in if are not large the circuit will 
never be very far from the matched condition. 
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If for any reason it is desired actually to 
measure the power during a transient period it 
is generally best to observe either £ or / but not 
both. This greatly increases the s|>eed with 
which observations may be made and it does not 
require the matched condition to be given up. 
Whether the supply circuit is complicated or 
simple, £00 «»(i?+!/)/»£+Hence if £ 00 , 
[/, and £ are known I can be calculated or if I 
is known £ can be calculated. This calculation 
is made of course only for the transient period. 
During the period of steady heating both £ and 
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I are measured in the usual way. To determine 
£00 and U, auxiliary measurements are made 
in which £ and I are observed for a widely 
different value of R (in this case R is the dummy 
resistor). These, together with any pair of corre¬ 
sponding values of £ and I observed during the 
period of steady heating, permit both £00 and 
U to be calculated. Since £ 00 and U may change 
slowly with time, the auxiliary measurements 
should be made just before or just after the 
heating period in question. 
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The design and performance of an accurate flow system utilizing critical velocity orificca is 
described. Results indicate that an absolute accuracy of three parts in a thousand is realized 
over a flow range of 0.002 to 2 cubic feet i>er minute. Calibration of the flow system was accom¬ 
plished by means of a specially modified and carefully standardized wet test gas meter. De¬ 
scriptions of the components of the flow system and of subsidiary calibrating equipment are 
presented. 

Critical flow orifice discharge coefficients are found to be independent of the type of gas; 
however, because of gas impurities, prediction of relative rates of flow of various gases through 
an orifice by use of theoretical relationships is uncertain, and experimental data are given to 
illustrate this. 


INTRODUCTION 


A S the prerequisite for a variety of scheduled 
studies with laminar flames and flowing 
gases, it was required to design, construct, and 
calibrate a gas flow system of unusual accuracy. 
This system was designed to meet the following 
specifications: 

a. be able to handle three separate streams of gas; 

b. each etream to have a range from 0.002 to 2 cubic 
feet per minute; 

c. each stream adjustable independent of the others; 

d. fluctation-free flow. 


Essentially the system includes the following 
features: sensitive pressure regulators, inter¬ 
changeable critical flow orifices coupled with 


• This work was undertaken with the support of Bureau 
of Onlnance Contract NORD 9938, University of Wiscon- 
*dfi. Naval Research Laboratory. . 

♦♦ Present address: Westinghouse Electric CorporaUon 
Research Laboratories, East Pittsburgh, Pennsylvania. 


ten-foot mercury manometers, and accompany¬ 
ing specially modified calibration equipment. 

CONTROL AND INDICATION OF GAS FLOW 

A diagrammatic sketch of the flow system is 
presented in Fig. 1. It is seen that there are three 
independent and identical lines which converge 
in a mixing chamber. One of these lines will be 
discussed in detail. 

Gas is reduced to a 100-p.s.i. gauge from a high 
pressure cylinder by a conventional two-stage 
regulator. Because of the Joule-Thomson effect, 
it is necessary to bring the gas back up to room 
temperature. This is accomplished by an elec¬ 
trical gas heater which utilizes porous bronze 
disks for efficient heat transfer, the disks also 
serving as gas filters. A sensitive regulator^ to 

^Nullmatic Regulator, Moore Products Company, 
Philadelphia, Pennsylvania. 
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Fig. 1, Diagrammatic sketch of the flow system. A gas 
cylinder^ B reducing valve, C thermometers, D heater, 
E milhnatic regulator, F pressure gauge, G orifice assem¬ 
bly* H stopcocks, I mixing chamber, J constrictions, K four- 
foot butyl phthalate manometer, L ten-foot mercury man¬ 
ometer, M manometer level indicator, N inputs from 
flowlines 2 and 3. 



Fig. 2. Orifice assembly and orifice sizes. Jewel sizes 
(mm): 6/120, 8/120, 12/200, 17/230, 24/230/, 32/230, 44/200. 
64/230, 94/260, 110/230. Flow ranges for oxygen (c.f.m ): 
0.0023-0.0065, 0.005-5-0.016, 0.0080-0.021, 0.016-0.044. 
0.032’-0.085, 0.057-0.15, 0.10-0.28, 0.22-0.60, 0.27-0.73. 
0.50-1.4. 


control the upstream pressure to the critical flow 
orifice* is next. The delivery pressure from this 
regulator is varied from 15 to 56 p.s.i. gauge. 
Since the flow through a critical flow orifice is 
directly proportional to the upstream pressure 
and independent of downstream pressure, as 
long as the pressure ratio is below the critical 
(because of stmic velocity at the throat), it 
follows that the flow rate may be varied 2.8-fold 
for any one orifice. In order to cover a 1000-fold 
flow range, a series of ten orifices mounted in a 
movable steel strip arc clamped between rubber¬ 
faced flanges, as shown in Fig. 2. The orifice 
sizes are chosen so as to provide overlapping of 
ranges. Sapphire cap bearing jewels^ are used as 
orifices because they are extremely durable; 
their contour approximates that of a convergent 
nozzle, and their use avoids the problem of 
making extremely small orifices. Diameters of 
the jewel holes ranged from 6 MM to 110 MM 
(1 MM =0.01 millimeter, jewelers* notation). 

The pressure on tlie upstream side of the orifice 
is measured relative to the atmosphere,by means 
of a tenToot mercury manometer, the critical 
portions of which are precision-bore tubing/ 
This permits calculation of pressure from meas- 

* Fluid Meters, Their Theory and Apptication, A.S.M«E* 
Research Publication (Published by A.S,M,E., 29 West 
39th Street, New York). 

* These were suggested by members of the laboratory of 
Linde Air Products Company, North Tonawanda, New 
York, and were procured from Henry Paulson and Company, 
37 South Wabash Avenue, Chicago 3, IlUnois. 

* Fischer and Porter Company, 


urement of the lower leg only. The manometer 
tubes are mounted in a four-inch standard steel 
channel, the upiKT and lower ends of the tul>es 
being supported in steel blcx:ks with rubber 
gaskets, shown in Fig. 3. There is a constriction 
with a by-pass in the line to the manometer, 
which guards against blowing out the manom¬ 
eter. A manometer level indicator is shown in 
Fig. 4. This device may be moved up or down 
on a 48-inch steel scale and includc'S a cross-hair 
with which the mercury level may be measured 
to 0.01 inch. 

Although flow rate is independent of pressure 
downstream from the orifice, a butyl phthalate 
manometer is provided to measure this pressure. 

To allow for mixing, a heavy-walled cylindrical 
tube packed with steel wool is provided. 
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CALIBRATION OP PLOW SYSTEM 

L The Wet Test Meter 


An accurate as well as convenient standard 
was required for the calibration of the thirty 
orifices in the complete flow system; a wet test 
meter rated at 50 cubic feet per hour was selected 
as the most satisfactory device. However, usual 
operation of the wet test meter docs not insure 
accuracies much better than two i)ercent because 
of calibration difficulties and maintenance of 
constant water level. Consequently, the meter 
was mixlified in two ways: 

a. A methcxi which is capable of measuring 
the water level to within 0.001" was installed 
(Fig. 5). Essentially, an electric circuit was 
completed wdien a depth micrometer contacted 
the water surface in the meter side-arm. The 
side-arm diameter was increased to 1.5 inches to 
minimize capillarity. In actual operation the 
original water level indicator supplied with the 
meter was lowered approximateh' J" below the 
surface. Thus, indication of contact with the 
water by the micrometer was readily accom¬ 
plished by use of an ohmmetcr, the reading 
dropping sharply from "infinity" to about 10,000 
ohms when contact was established. 

To insure reprcxlucibility, the meter was 
rotated at least one com})lete revolution, always 
terminating at the zero point on the meter face, 
and then allowed to drain for five minutes before 
determining water level. Following this proce¬ 
dure, successive readings were checked to within 
0.001 inch. Care must be taken so that the 
micrometer tip is dry before the determination 
is made. 




b. It is obvious that the precautions discussed 
above must be supplemented by an accurate 
plumbing of the meter. The si)irit level supplied 
was not sufficiently sensitive, and was replaced 
by a 12-inch plumb line permanently installed 
and shielded from drafts by a glass cylinder. 

Since the readings of the wet test meter may 
be aflfected by the method of calibration, it was 
decided to calibrate the meter under conditions 
identical to those used in subsequent orifice 
calibrations. Thus, while the usual practice of 
meter calibration is to pass a measured volume 
of gas slowly through the meter, the initial and 
final readings being taken with the meter at 
rest, the system which was constructed is capable 
of passing through the meter a measured volume 
of gas at controllable rates of flow up to 0.8 

c.f.m., the meter revolving at a constant rate 
throughout the test. 

Figure 6 illustrates the system for the calibra¬ 
tion of the meter. The sequence of operations is 
as follows: 

a. Saturated air is drawn into the entire system through 
line H. 

b. With valves 1 and J closed, pressure Is applied above 
distilled water in the fifteen-gallon vessel B. Approximately 
20 p.s.i. were applied at the higher rates of flow (0,8 c.f.m. X 

c. Valve I is opened. Water then flows into a four-Uter, 
heavy-walled filter flask. This serves to act as an induction 
period for the establishment of the rate of flow and elimi¬ 
nation of entrained air. During this period the meter 
reaches a constant rate of rotation. 

d. From vessel C the water then operates float switch D, 
actuating an electric circuit, thus indicating the instant at 
which the measured volume begins passing through the 
meter. This instant is recorded by means of an idler needle 
which follows the meter pointer until stopped by a solenoid. 
The circuit is then broken and the idler needle re-engaged. 
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The needle is stopped again after the water fills the 
calibrated five-gallon bottle F and contacts float switch E, 
After this point the flow may l>e stopped. By coupling 
the float switches to a solenoid operated stopwatch, the 
interval of the run is limed. 

It is seen that the primary standard for the 
entire calibration depends on precise knowledge 
of the volume of bottle F, This volume was 
determined by weighing the quantity of distilled 
water required to fill the bottle with the special 
brass closure clamped in place. Weighings were 
made on a large analytical balance, and temper¬ 
ature and buoyancy corrections were applied. A 
drainage correction to account for water left in 
the bottle from eadi previous run was made. 

Results of the meter calibration showed that 
there was no detectable change in the calibration 
factor for rates between 0.1 and 0.8 c.f.m. 
Therefore it was possible to use the same meter 
factor “F” (ratio of true volume to meter 
reading) for all flow rates up to 0.8 c.f.m., 
keeping the water level always constant. 

2. Calibration of the Critical Flow Orifices 

After the establishment of the wet test meter 
factor it was possible to calibrate the thirty 
critical flow orifices with various gases. The 
theoretical equation governing the behavior of 
critical flow orifices^ may be expressed in the 
following form: 

w^CAMgMk/RT)(2/k + l)qK (1) 

where —mass flow rate, discharge coeffi¬ 
cient, ^ 2 — orifice cross section, pi = upstream 
pressure, specific heat ratio, g-gravitational 
constant, Jlf-molecular weight, J?»gas con¬ 
stant, 7'=absolute upstream temperature, and 
s —(^+1/^ — 1). Upon reduction of Eq. (1) to a 
convenient set of units, the following result is 
obtained: 

V=3.6\7CA2pj(K/d)K . ( 2 ) 



where K** volumetric flow rate, cubic feet per 
minute at 25®C and one atmosphere, .4 a»»orifice 
cross section, square inches; pi-*upstream pres¬ 
sure, inches of mercury (25®C); d^gas density, 
pounds per cubic foot at 25®C and one atmos¬ 
phere; A:-jb{2/Jfe+l)-. 

It may be seen from Eqs. (1) or (2) that the 
discharge rate is theoretically independent of 
downstream pressure and varies directly with 
4he absolute upstream pressure. This assumes 
that the orifice has the proper contour. Inde¬ 
pendence of downstream pressure was checked 
experimentally at a pressure ratio of about three 
to one, and it was found that the rate of discharge 
did not vary measurably when the downstream 
pressure was varied ten percent, holding up¬ 
stream pressure constant. Linear dependence of 
flow upon upstream pressure was found to hold 
to within experimental error for all gases over 
the entire range of orifices. 

Since it is difficult to measure with sufficient 
accuracy the diameter of very small orifices, the 
product CA 2 should be considered instead of C 
alone when comparing flows of different gases 
through the same orifice. Discharge coefficients 
for the various orifices varied from about 0,8 to 
0.9S, as calculated from approximate measure¬ 
ments of A 2 . 

The general plan for the calibration of the 
thirty orifices with various gases included two 
phases: the calibration of each orifice with 
nitrogen, thus obtaining CA 2 , and establishment 
of the ratio of flow of the test gas to that of 
nitrogen. It will be shown later that C is inde¬ 
pendent of the gas and that the theoretical 
formula when properly modified for gas im¬ 
purities describes relative rates of flow of differ¬ 
ent gases through a given orifice. Adoption of 
this procedure materially reduces the labor of 
the calibration and results in a more flexible 
flow system. 

In actual calibration, discharge rates were 
corrected to 25®C and one atmosphere by the 
following formula: 

(rF/e)(Tt/T2)(PB-pw/Ps)(pjf/7m 

X(298.16/ri)(r,/298.16)n 

where volumetric flow rate, cubic feet per 
minute at 25®C and one atmosphere; r*meter 
reading, cubic feet; J**time of test, minutes; 
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Tablb I. Data for the calibration of orifice B-60 
(24/230 MM) with nitrogen. 


p 

In. Hr 
(»b*,) 

V 

(c.f.tn.) 

2S*C, 1 fttmos. 

Deviation of V from the 
best straight line through 
the daU: Pi -«0.00054A0 V 

Devi¬ 

ation 

(%) 

140.57 

0.07679 

4-0.00004 c.f.m. 

+0.05 

128.27 

0.06999 

-0.00005 

-0.07 

116.23 

0.06349 

+0.00003 

+0.05 

104.06 

0.05692 

+0.00010 

+f.l8 

92.16 

0.05030 

+0.00004 

+U.08 

80.02 

0.04364 

-0.00005 

-0,11 

68.12 

0.03710 

-0.00009 

-0.24 



Av.=-0.11 


F = meter factor »»ratio of true volume to meter 
reading; temperature of gas entering meter, 
degrees Kelvin; temperature of meter, de¬ 
grees Kelvin; 7\»temperature of gas entering 
orifice, degrees Kelvin ; — barometric pressure, 

millimeters of mercury (25®C); and = vapor 
pressure of water at T i, in millimeters of mercury. 

The calibrations were performed by saturating 
with water vapor just before the gas passes 
through the meter; hence the formula corrects 
back to dry gas. 

CRITICAL DISCUSSION OF PERFORMANCE 

The limiting accuracy of each of the steps in 
the calibration is as follows: 

1. Calibrated bottle. The volume was measured 
four times, the mean deviation from the average 
value being 2.5 parts in 10,000. 

2. Meter calibration, (a) Precision of calibra¬ 
tion. Sixteen runs were made under nearly 
identical conditions. The mean deviation from 
the average value of the meter factor was 2.0 
parts per thousand, (b) Water level. The water 
level could be reprtxlucal to within 0.001 inch. 
This variation causes a change in the calibration 
factor of 1.5 part in 10,000. 

3. Orifice calibration with nitrogen, A given 
orifice was tested seven times with nitrogen, the 
mean deviation from the best straight line 
through the data and the origin being one part 
in a thousand, when flow rate is plotted against 
pressure. This includes errors caused by meter 
reading, meter timing, pressure fluctuation, and 
pressure measurement. (All runs were rnade of 
such length that the number of meter revolutions 
was an integer,) In order to illustrate the caliber 
of data which may be obtained, a calibration 
run is given in Table 1. 

4. Orifiee calihraHon wUh different gases. Flow 


Tablb 11. 


Test gas 

Av exp. ratio: 
flow rate of test gas 
flow rate of nitrogen 

Theoretical ratio: 
flow rate of test gas 
flow rate of nitrogen 

Differ¬ 
ence rel. 
to exp. 
(%) 

Nitrogen 

1.0000 

1.0000 

— 

Oxygen 

0.9349 

0.9344 

-0.05 

Air 

0.9908 

0.9852 

-0.57 

Hydrogen 

3.666 

3.736 

+ 1.93 

Helium 

2.616 

2.806 

+7.27 

Argon 

0.8770 

0.8883 

+ 1.29 

Carbon 

0.7960 

— 

— 

dioxide 





rates of seven different gases were measured 
Uirough each of six orifices varying in diameter 
from 0.06 to 0.64 millimeter. For nitrogen, 
oxygen, hydrogen, and argon, each of the results 
presented in the table below is an average of 
about thirty independent runs with that gas. 
For air, helium, and carbon dioxide, each of the 
values is an average of ten independent runs. 
The value which best represents the mean devia¬ 
tions of these sets of data is three parts per 1000. 
No trends in the ratio of flow rate of any given 
gas to the flow rate of nitrogen (through the 
same orifice) were observed. It follows that the 
flow rate ratio is independent of orifice size 
within the limits studied (see Table II). 

The theoretical values were calculated with 
Eq. (2), assuming that the discharge coefficient 
C is independent of the type of gas, and using 
molecular weight M and heat capacity ratio k on 
the assumption that the gases were perfectly 
pure. It will be observed from the above table 
that there are discrepancies between theoretical 
and experimental values. In the cases of helium 
and hydrogen, these discrepancies can be ex¬ 
plained by a consideration of the reported purity 
of the gases: 

Nitrogen 99.7 « 0.1 % 

Oxygen 99.5 «0.1 % 

Hydrogen 99.5«» 0.1% 

Helium 98.2% min. 

Argon 99.8% min. 

Carbon dioxide 99.5% min. 

Assuming that the impurity is always nitrogen, 
the theoretical ratios may be corrected by com¬ 
puting molal averages of M and k. It is to be 
noted that the mixture molecular weight of 
hydrogen or helium would be particularly sensi¬ 
tive to a relatively high molecular weight im¬ 
purity, such as nitrogen. Unfortunately, since 
exact analyses of the gases are not available, and 
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It may be concluded that the discharge 
coefficients are in actuality independent of the 
type of gas, and that the theoretical equation 
(2) would correctly describe the dependence of 
flow rate upon molecular weight and heat 
capacity ratio for pure gases, 
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Optical Properties of Surface Films. II* 
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Measurements of elliptic! ty of light reflected from a film-coated metal surface have been 
made for films varying in thickness from 25 to 40,000A, It was fourfd that the approximate 
formulas of Drude which express as a function of the film thickness the ratio and phase difler- 
ence of the components vibrating in the plane of incidence and perpendicular to it are valid 
for thin films. The general formula of Drude expressing the phase shift as a function of the 
film thickness represents with a fair approximation the experimental results obtained with 
metallic slides coated with films of Ba stearate whose thickness is up to the order of the wave¬ 
length of light. Thus, for the first time, Drude’s theoretical formulation has been verified 
experimentally. For films whose thickness is many times the wave-length of the light used, 
there is a progressive divergence from Drude*s general formula, the cause of which can possibly' 
be due to the birefringence of the films which has been neglected in this work. 


vigorous averaging procedures are not thoroughly 
understood, detailed correction calculations are 
not presented, but preliminary^ calculations indi¬ 
cate that application of such corrections ’ would 
probably make the theoretical and experimental 
ratios indentical. 


Thin Films 

T he first attempt to correlate the change in 
ellipticity of reflected light with the thick¬ 
ness of thin films was made by Drude more than 
fifty years ago.* Since then various formulas have 
been developed, but the only ones which can be 
submitted to a practical test are those derived 
by Drude himself and some of the subsequent 
modifications of his original formulas.®-* In the 
form in which they are given, Drude’s formulas 
are first approximations, valid only for films 
whose thickness is small compared to the wave¬ 
length of light. When the technique for the 
deposition of thin films of known thickness was 
developed, mainly by Langmuir and Blodgett,* 
these formulas could be checked with experi¬ 
mental data. Tronstad® was the first to verify 
them using monomolecular films of fatty acids 
deposited on a mercury surface. He found close 

♦See Part I, Rev. Sci. Inst. 19, 839 (1948). 

* P. Drude, Ann. d. Physik und Chemie 36, 865 (1889). 
•L. Tronstad, Trans. Faraday Soc. 31, 1151 (1935). 

^ F. A. Lucy, J. Chem. Phys. 16, 167 (1948). 

Blodgett and 1. Langmuir, Phys. Revs. SI, 964 


agreement between calculated values and the 
length of the fatty acid chains. 

When a beam of light is linearly polarized at 
45® to the plane of incidence it becomes ellipiti- 
cally polarized on reflection from a metallic 
surface, and the presence of a film on the metal 
alters the ratio ^ of the electric vectors vibrating 
in the plane of incidence and perpendicular to it, 
as well as their difference of phase A. Drude’s 
formulas correlate the parameters ^ and A, with 
the optical thickness of the layer, the angle of 
incidence and the optical constants of the 
metal. Since these optical constants depend to 
some extent on the condition of the metallic 
surface, it was desirable to determine the optical 
constants of the same stainless steel slides that 
were used for the deposition of the layers in our 
experiments. 

DETERMINATION OF THE OPTICAL CONSTANTS 
OF STAINLESS STSBh SLIDES 

The optical constants p and k correlated to the 
complex index of refraction u) can be 

calculated from the equations 

R»8in^tan^cos2^ and x»tan2^. 
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Table L 


Angle of incidence 

40.2® 

60.2® 

74.2® 


38.6ft^ 

32® 

29.3® 

A' 

160.5® 

127® 

109.8® 

^-^'(/«24.4A) 

A-A'(f*24.4A) 

0.00® 

0.34® 

0.61® 

1.37® 

3.6® 

3.55® 


In these equations ^ is the angle of principal 
incidence, i.e., the angle at which metallic reflec¬ 
tion brings about a phase shift of 90° between 
the components vibrating in the plane of inci¬ 
dence and perpendicular to it. The principal 
azimuth ^ is the ratio of the two components 
after reflection at this angle. 

To determine ^ the X/4 plate of the ellipsometer 
is set in the two positions in which its principal di¬ 
rections are perpendicular and parallel to the plane 
of incidence, and in each jwsition the angle of inci¬ 
dence is found for which the light is again linearly 
polarized after compensiition. If the plate is 
exactly X/4, this angle is the same for both 
positions. With most plates, however, two 
different values are obtained, and the true angle 
of principal incidence may be taken as halfway 
between these values if the X/4 plate is not too 
far from 90°. 

To determine the light is reflected at the 
true angle of principal incidence and the resulting 
ellipse analyzed by adjusting the X/4 plate and 
analyzer simultaneously to prcxluce complete 
compensation. From the experimental value of 
6 thus obtained and the known value of 5, the 
ellipticity € can be calculated according to Eqs. 
(1) and (3) of the previous section.* The cllip- 
ticity in this case is identical to the principal 
azimuth 

For the stainless steel slides used, the following 
values were found: 

««77.5°, ^-28°, 

from which 

v — 2.46, 1.48, 

Drude’s Formulas 

Drude’s formulas express as a function of the 
film thickness the- ratio and phase difference of 
the components vibrating in the plane of inci¬ 
dence and perpendicular to it. They are 


4ir cos4> sin^a' 

2^ - « sin2^'-- 

X (cos®0 — 

X(1 -wi’ cosV) - 

\ 

47r cos^t sin^Ccos^ —Of) / 1 \ 

- -( 1-)/, 

where and A' are the values of ^|/ and A where 
there is no film, ^ is the angle of incidence, Wi 
the index of refraction of the film of thickness /, 
and a and a' two constants obtained from v and 
K bv 

l-zc* ^ 2 k 

From the above given values of v and k for the 
metal used, a= —0.0193, a'— 0.0479. 

The simplest way to test Drude’s formulas 
would be to detennine the position (j3) and 
ellipticity (c) of the ellipse characterizing the 
reflected light for one given film thickness and 
from these two parameters to calculate the 
values ^ and A to be compared with the tlieo- 
rctical ^ and A. This procedure would not make 
the best use of the ellipsometer which is most 
sensitive as a differential instrument with a half- 
shadow arrangement. Therefore, the experi¬ 
mental procedure was as follows. The light 
before reflection vibrated linearly at 45° in the 
second and fourth quadrant for an observer 
looking toward the light. The X/4 plate was 
placed so as to compensate with its fast axis in 
the first and third quadrant. The positions of 
the analyzer and the X/4 plate for maximum 


Table II. Ellipticity of light reflected from slides 
coated with 1, 3, 5, and 7 monolayers of Ba stearate. 
(Calculated from Dnjde's formulas.) 


Monolnyere Inci- 
Ba «tearatp dencr 

« 

» 

^/4 


0' 

1 

49.2 

10.3 

38.3 

38.3 

0.2 

-10,3 

1 

69.2 

24.5 

24.7 

25.9 

0.9 

-24.4 

1 

74.2 

28.2 

13.0 

9.9 

3,7 

-28.2 

3 

49.2 

11.6 

38.2 

38.3 

0.2 

-11.7 

3 

69.2 

27.5 

22.4 

25.9 

-0.1 

-27.6 

3 

74.2 

30.6 

8.4 

9.9 

1.36 

-30.7 

5 

49.2 

12,9 

38.1 

38.3 

0.15 

-13.0 

5 

69.2 

30.4 

18.9 

25.9 

-1.2 

-30.8 

5 

74.2 

32.0 

2.04 

9.9 

-1,1 

-32.8 

7 

49.2 

14.2 

37.7 

38.3 

0,5 

-14.1 

7 

69.2 

32.9 

13.8* 

25.9 

-2.5 

-34 

7 

74.2 

33.5 

-6.2 

9.9 

-3.8 

-3S.3 
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Fig. 1. Phase shift produced 
by films of Ba stearate at 50®, 
60.2® and 80® incidence. The 
dotted curves are theoretical, 
and the solid lines and the 
dashed line are experimental. 


extinction were determined for reflection from 
clean uncoated metiil slides at incidence of 49.2®, 
69.2®, and 74.2®. The values of and A' deter¬ 
mined from these positions are given in Table 1. 
The error involved in a reading of this kind can 
be neglected here, as and A' are to be used as 
references to obtain diflferential values. Then 
slides were covered with one and three mono- 
layers of Ba stearate as previously described, 
and the position of the analyzer read for which 
both half-fields appeared of the same intensity, 
the position of the X/4 plate being so chosen to 
produce good compensation of both ellipses. 
Additional layers of Ba stearate were successively 
deposited on the slide and the corresponding 
analyzer positions for matching half-fields were 
read, the X/4 plate position remaining unchanged. 
It remained to check these analyzer positions 
with those that should be obtained if the reflected 
light obeys the theoretical formulas. For the 
above angles of incidence the values of A-~A' 
and were calculated from Drude*s formulas 
for one monolayer of Ba stearate ^/ = 24.4A, 
n= 1.495) and are given in Table I. The values 
for more than one monolayer arc the corre¬ 
sponding multiples of these. From these theo¬ 
retical values the corresponding ellipses of ori¬ 
entation )3 and ellipticity t were calculated as 
well as the theoretical ellipses of small ellipticity 
resulting when the light goes through the X/4 
plate of known position and phase retardation. 
The results have been summarized in Table 11. 


€ and c' are the ellipticities of the reflected light 
before and after going through the X/4 plate 
(85.3® retardation), respectively. The angles from 
the fast direction of the plate to tlie perpendicular 
to the plane of incidence are tabulated under the 
heading X/4. The value of corresponds to the 
angle from the major axis of the ellipse of 
ellipticity t to the perpendicular to the plane of 
incidence. The values of jS' are the angles from 
the major axis of the ellipses c' to the fast 
direction of the X/4 plate. 

These two ellipses of small ellipticity resulting 
from the compensation of the light reflected from 
the half-fields which differ in thickness by 49A 
can be made of equal ellipticities and of opposite 
sign by proper adjustment of the X/4 plate, in 
this case, the direction transmitted by the 
analyzer, when both half-fields apj^ar of the 
same intensity, would be the bisector of the 
angle made by the minor axis of the ellipses. 
However, since for successively thicker films the 
X/4 position remains unchanged in actual prac¬ 
tice, the direction indicated by the analyzer for 
equal illumination does not bisect the angle made 
by the axis but is nearer to the minor axis of the 
ellipse with tlie greater ellipticity. The position 
of optical equilibrium can be calculated from 

sin^fi co8*ai+cos^ei sin’^ai —sin^^a cos^aj 

-f cos*« sm*a 2 

with the condition ai+at^ct, where a is the 
angle made by the axes of the two ellipses with 
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elliptidties <i and € 2 ; at and at are the angles 
from position of equilibrium to the respective 
axis of the ellipses. This formula reduces to 
8in*€i+sin*afi« sin*€ 2 +sin 2 a 2 for small values of a. 
Using the calculated values of e' and a' for the 
theoretical ellipses the positions of the analyzer 
corresponding to equal illumination for half-fields 
covered with one and three, three and five, five 
and seven monolayers were calculated to be 
25.9®, 29.3®, and 33.2® for an angle of incidence 
of 69.2®. Therefore, the calculated angle by 
which the analyzer should be rotated when one 
double layer of Ba stearate is deposited on an 
optical gauge of one and tliree monolayers is 3.4®. 
The experimental value is 3.2®. However, it was 
also found experimentally that the ratio Aa/AN, 
N being the number of layers of Ba stearate 
deposited on an optical gauge, diminishes linearly 
with the increase in TV for tlie X/4 position used 
and the value Aa/AN extrapolated for TV —0 was 
3.4® in perfect agreement with tlic theoretical 
value calculated from Drude's formulas. For a 
film thickness of 50A the experimental value 
Aa/AN is 7 percent smaller than the calculated 
one, and this difference increases for thicker 
films. 

At an angle of incidence of 49.2°, Aa/AN 
»:1.3ft° (calculatetl) compared to Aa/AA^=1.4® 
to 1.25® (experimental) depending on whether 
the double layer was deposited on an optical 
gauge of one to three layers or seven to nine 
layers. In other words, at this angle of incidence 
the experimental values Aa/AN vary much less 
with TV tlian at higher angles of incidence. At 
74.2® incidence the following values were ob¬ 
tained for a double layer deposited on a gauge of 
one to three layers. Aa/ATV —4.9 (calculated); 
Aa/ATV«4.S (experimental). These results show 
that Drude^s formulas represent the experimental 
data well. The formulas not only give tlie right 
values for the ellipticity at one particular angle 
of incidence but also describe correctly the 
variations of the ellipticity as a function of the 
angle of incidence. At 49® incidence the experi¬ 
mental values remain in good agreement with 
the, theoretical ones up to film thicknesses of 
^bout 250A. 

Thick Films 

Thus, Drude's formulas fit remarkably well 
the experimental values of the change in ellip¬ 


ticity of reflected light produced by thin films of 
known thickness. On the other hand, these 
formulas are first approximations and cannot be 
expected to hold when the thickness of the film 
is not small compared to the dimension of the 
wave-length used. Calibration curyes® show that 
the angle Aa/AN by which the analyzer has to 
be turned when a few successive double layers of 
Ba stearate are deposited, decreases with the 
number of double layers TV, thus showing the 
beginning of a deviation from Drude's formulas. 
It was, therefore, of interest to determine the 
ellipses resulting from reflection when the thick¬ 
ness of the film varied from a few hundred 
angstroms up to several times the wave-length 
of the light used. 

Experiments were carried out in which succes¬ 
sive double layers of Ba stearate were deposited 
on an optical gauge of one and three monolayers. 
The ellipses characterizing the light reflected 
from these films were determined at three 
different angles of incidence, the readings being 
made by adjusting both the X/4 plate and the 
analyzer to obtain a position of maximum uni¬ 
form darkness. Each value obtained with this 
method is intermediate between those which 
would be found if accurate readings could be 
made of each half-field separately, 

♦V 



Fig. 2. Ellipticity of reflected light at 50® incidence 
produced by films of Ba stearate from 0 A up to the 
equivalent of 17 wave-lengths of light (XS893). Arrow 
indicates beginning of the first cycle. All cycles are de¬ 
scribed clockwise. 


* A. Rothen, Rev. Sci, Inst. 16, 26 (1945). 
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Fig. 3. Elliptidty of reflected light at 69.2® incidence, 
produced by films of Ba stearate from 0 A up to 5 wave¬ 
lengths of light. Arrow indicates beginning of first cycle. 


The experimental values of the phase shift A 
between the components parallel and perpen¬ 
dicular to the plane of incidence as a function of 
the thickness of the film are represented in Fig. 
1. The calculated number of monolayers of Ba 
stearate which produce a path difTerence of one 
wave-length of Na D light at the angles of 
incidaice of 50®, 69.2®, and 80® are 93.3, 102.5, 
and 105, respectively. These figures compare 
favorably with the experimental values which 
show that the periods are completed at thick¬ 
nesses of 92.5, 102.2, and 105 monolayers. Two 
curves have been plotted to represent the results 
at 50® incidence. The lower curve was obtained 
when the slide was coated with 550 to 650 
monolayers of Ba stearate, thus representing the 
seventh complete period. It is to be noticed that 
this curve is disj)laced laterally. and vertically, 
a fact which will be discussed later on. 

In looking for a theoretical basis for the above 
experimental curves, it can be noted that 
Drude’a approximate formulas for the light 
reflected from these films can be obtained from 
a general equation which should ap^ly to films 
of any thickness on a reflecting surface, Drude 
showed that the ratio of the components before 
(/) and after reflection (R) of the light vibrating 
either in the plane of incidence (OP) or perpen¬ 
dicular to it (OS) can be quite generally ex¬ 
pressed by 


R 

I 


+ co»0A) 

1 


where 6 is the phase shift, r/ and the Fresnel 



Fig. 4. Elliptidty of light at 80® inddence, produced by 
Ba stearate films from 0 A up to 5 wave-lengths of light. 
The described cycles are not closed on account of the rapid 
change of phase for certain critical thicknesses (45 mono¬ 
layers for tW first cycle) where half of the cycle is described 
in a few monolayers of Ba stearate. 

coefficients representing the amplitudes and 
phase shift of the components after reflection 
from the film (r/) and the metal (f«), t the 
thickness of the film, n its index of refraction, 
and the angle of refraction in the film. In the 
case dealt with in our experiments, that of a 
transparent film deposited on a metal slide, is 
complex but both f/ and n are real. It also 
results from the experimental conditions that 
the incident components perpendicular (OS) 
and i>arallel (OP) to the plane of incidence are 
equal and in phase. Thus, the determined ratio 

or OP/OS as well as the phase difference A 
produced by reflection from the coated slide is 
given by 

-- ( 1 ) 

when X stands for (4ir//X)w cos<^. 

Formula (1) shows that the change of phase is 
a periodical function of x, a period being com¬ 
pleted when the film thickness is such that the 
optical path difference between the rays reflected 
from* the film and from the metal is equal to one 
wave-length of light. This formula can be de¬ 
veloped as was done by Vasicek* in the case of 
glass reflection. The only difference is that the 

“^^AT Vasicek, J: Opt. Soc. Am. 37, 145 (1947). 
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coefficients tm are complex and can be represented 
by 

After separating the imaginary from the real 
quantities one obtains for the phase difference 
brought about by film coated metal slides 


where 


AB'+A^B 

AA'-BB' 


( 2 ) 


A «r/[l + !>=']+A'^Cl +r/^'] cos.c 

+ F^[]l sinJT 

A'^r/ll + X^'^+ r«^]+X*[l + r/^] COS.V 

-f- y*[l+r/‘^]sinA" 

-X^l\ -r/P^] sinx+ I>[1 -r/^2 

B'^X*l\ -r/"J sin.v- F*[l -r/'] <:os.v. 


The coefficients are calculated from the 

Fresnel equations. The quantities X^'\ * are 

related to the phase shifts 6^ and 6* (abbreviated 
b^'*) and the corresponding amplitudes and p* 
(abbreviated of the components after re¬ 
flection from an uncoated metal surface by the 
following formulas 




The quantities and tlieir difference b^ — b* 
as well as p*’- * can be computc^d from the optical 
constants of the clean metal surface by means of 
equations which can be found, for instance, in the 
Handbuch der Physik, Volume 20, page 242. It 
appears from (2) that the phase change A is not a 
sinusoidal function of x since it involves a ratio of 
polynomials containing not only sinx and coso^ 
but also sinATcosA:, sinlv and cos^a: tenns, in 
other words, terms corresponding to a periodicity 
of 2x, When the calculations were carried out 
the calculated A===/(a:) was in remarkable 
agreement with the exi>erimental curves (see 
Fig. 1). Thus the validity of Eq. (1) has been 
demonstrated for the first time experimentally 
for transparent films of known thicknesses from 
a few A up to a wave-length of light. 

Further experimental data was obtained for 
film thicknesses up to 40,000A. The method of 
Poincar^ was adopted for condensed graphical 
representation of these series of ellipses. Since 
an ellipse is completely characterized by the 
ratio of two components and their phase shift, 
it can be represented on the complex plane by a 
single point w+tV of modulus cot^ and argument 


A. The rectangular coordinates of each point are 
therefore 

u = cot^ cosA, V = cot^ sin A, 
and M-f ir=cot^e‘^. 

With this representation all points on the u 
axis correspond to linear vibrations whereas all 
points on the v axis correspond to ellipses whose 
axis are oriented along 05 and OP. The points 
r=±l are two circular vibrations of 
opposite senst'. The results obtained at 50®, 69.2®, 
and 80® have been summarized in Figs. 2 to 4, 
The points indicated on the initial cycles corre¬ 
spond to thickness intervals of 146A (six mono- 
layers of Ba stearate). From the positions of 
these points it can be seen that the rate at which 
the cycle is descTibed is not unifonn. This is 
another way of saying that bA/bN and ba/bN 
are not constant over the period. According to 
formula (1) the successive cycles (corresponding 
to one wave-length of light) should be identical. 
It is especially evident from the results obtained 
at 50® incidence that the cycles do not super¬ 
impose. Each cycle does correspond to an optical 
thickness of one wave-length of light but the 
successive cycles process clockwise around the 
origin as the approximate center of rotation. 
Tiie seventh cycle (corresponding to thicknesses 
from 558 to 650 monolayers of Ba stearate) has 
rotated by about 60®. Thus, there is a second 
periodicity on top of the one which corresponds 
to an oy>tical patli difference of one wave-length 



of 3a stoaoata on topof 1-5 iaywm 


Fig. 5. Calibration curve for 24 to 52 monolayers of 
Ba stearate, with the fast direction of the X/4 plate turned 
20® counterclockwise from the perpendicular to the plane 
of inddenoe. 
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and this progressive shift affects both ^ and A. 
At 50® incidence the seventh cycle does not 
cross the u axis (Fig. 2). In other words, the 
phase shift is never greater than 180®: This can 
also be observed on the cuiwe of Fig. 1. The 
precession cannot be predicted from the formula 
(1). It may be due, however, to the birefringence 
of the film which has hitherto been neglected. 
It is known that Ba stearate films are positive 
uniaxial crystals with indices no = 1.401 and 
««= 1.550.“ It was found impossible to build up 
enough layers to complete the larger period to 
see whether a cycle would be obtained having 
the same orientation as that of the first one 
(0 to 92 layers). 

From the practical as[)ect of the measurement 
of film thickness, the curves of Fig. 1 exhibit 
some very interesting facts. A calibration curve^ 
is the plot of the position a of the analyzer for 
equal illumination of both half-fields against the 
thickness of the film for a fixed pt)sition of the 
X/4 plate. In general, the change in phase shift 
l^r layer is such as to exert more influence on 
the orientation of the re-established light than 
does the change in so that the analyzer reading 
shows greatest sensitivity da/6N when the 
change of phase shift BA/dN is greatest. N is the 
thickness of the film expressed in double layers 
of Ba stearate. At 69.2® incidence for a film 
under lOOA thick, BA/BN'^6^ and fia/5iV^3®. 
In other words, the analyzer has to be turned 3® 
for a variation in thickness of 48A. However, 
bA/ 6iV'^24® and 6a/5A'^9.6® when the thickness 
of the film is about 45 monolayers of Ba stearate. 
For the same range of thickness at 80® incidence, 
BA/ 5A'^96° and Ba/BN'^ 14®. It is thus apparent 
(see Fig. 1) that the range of maximum sensi¬ 
tivity of the app>aratus occurs for thicknesses of 
the order of 45 monolayers of Ba stearate. For 
thicknesses from 70 to 1(K) monolayers tlie sensi¬ 
tivity is still large, although less on account of 
the skewness of tlie curve. Finally, there arc 
regions where the sensitivity is very small 
{Ba/BN~"*i)) for thicknesses from 20 to 30 or 55 
to 65 monolayers. 'I'he plot Ba/BN for N ex¬ 
tending from 24 to 55 layers at 69.2 incidence 
can be seen in Fig. 5. Since with the half-shadow 
arrangement analyzer pxjsitions can be obtained 
within db0.02® the maximum sensitivity ex¬ 
pressed in terras of thickness of film can then be 
calculated; 49X0,02/9.6-±0.1A. 


Another practical aspect worth considering is 
the range of thickness which can be determined 
with a single X/4 plate position. Obviously, if the 
orientation of the ellipses (/?) did not change, a 
single calibration curve could express any range 
of thicknesses. This condition would be fulfilled 
if the ratio of the components parallel and 
perpendicular to the plane of incidence were 
always one = All the ellipses would then 
liave their major and minor axis oriented at 45® 
to the plane of incidence. This condition is 
approached only as the angle of incidence is 
decreased. However, on aca^unt of the condition 
tglfi — tg2^ cosA it can be seen that when cosA 
and tg2\f^ vary in o])position directions with 
the increase of the thickness of the film then 
(Btg2ff/BN), is small, and the range of the 
calibration curve is wide. 

If the X/4 plate does not produce an exact 90® 
phase shift, some interesting effects are produced. 
In order to fully comp)ensate an ellipse with such 
a plate (see part 1) its principal directions make 
an angle /3i with the axis of the ellipse. In this 
case even when the orientation remains constant 
the plate has to be turned if the ellipticity 
changes, in order to satisfy the equation sin2/5i 
-(/^2€//^3 i)(3i- phase shift produced by the 
plate). It may happen that the angle (3/8i) by 
which the approximate X/4 plate should be 
turned on account of a change in ellipticity may 
be compensated by the rotation (j/5) of the 
ellipse produced by a change in A or ^ or both. 
In this case the range of thickness covered by a 
single calibration curve is extended. Because of 
a combination of this effect and the one described 
in the preceding paragraph, it was possible to 
cover a range of thickness from ISOOA to 2 740A 
in one calibration curve. The value of the plate 
used in this case was 76.7®. 

SUMMARY 

Measurements of ellipticity of light reflected 
from a film coated metal surface have been made 
for films varying in thickness from 25 to 40,000A. 

It was found that the approximate formulas 
of Drude are valid for thin films and that the 
general formula expressing the phase shift as a 
function of the film thickness represents with a 
fair approximation the experimental results ob» 
tained with films whose thickness is of the order 
of the wave*length of light. 
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Appraisal of air contamination by micro-organisms 
which are responsible for infectious diseases or result in 
spoilage of products requires devices for sampling the air 
to determine bacterial content. The simplest technique 
involves the use of open petri dishes containing culture 
media upon which tx)lonies of the organisms can grow. 
However, quantitative data require the use of devices 
which will sample the bacterial content of definite volumes 
of air. 

Air samplers which yield quantitative data may be 
roughly divided into bubbler and impinger types. In the 
former type a definite quantity of air, with or without 
atomization, is bubbled through water, thus collecting a 


large part of the organisms. In the impinger types the 
organisms are deposited on the culture medium, either by 
use of high linear velocity of the air or by application of 
an electrostatic field. 

The authors have developed two types of impinger 
samplers. One of these, weighing approximately 12 pounds, 
employs an electrostatic field of about 7000 volts. It can 
be used wherever 110-120-volt, 60-cycle current is avail¬ 
able. The other sampler, called a duplex radial-jet air 
sampler, uses a high velodt air flow to impinge the 
organisms on the culture mediu/i. Examples of the use of 
the latter sampler in important laboratory studies are 
described and typical experimental results are presented. 


M odern air sanitation has for one of its 
objectives the reduction of air-bome micro¬ 
organisms which may be instrunumtal in the 
spread of infectious diseases or the contamination 
of foodstuffs and other products. The oldest and 
most commonly used methtxl is ventilation, 
replacing contaminated indoor air with relatively 
fresh outdoor air. In the past decade two other 
methods have been intrcxluced; m., the u.se of 
germicidal vapors and air irradiation with ultra¬ 
violet of the wave-length X2S37 which is highly 
destructive to such organisms. 

The appraisal of air contamination and its 
improvement by air sanitation procedures neces¬ 
sitates the use of some method of air sampling 
which will indicate the concentration of air-borne 
micro-organisms. This usually involves the col¬ 
lection of the organisms directly onto a culture 
medium upon which colonies of the organisms 
will grow, or else their collection in a liquid by 
bubbling the air through it and incorporating a 
portion of this liquid in a culture medium. Since 
no single culture medium will grow all types of 
the organisms which may be collected, it is 
never possible to determine accurately the total 
concentration of such organisms in the air. By 
proper choice of the culture medium, the con¬ 
centration of specific types can be determined, 
air-sampling methods and devices have 
been developed and used. The simplest of th^ 
is the exposure of open petri dishes, containing 


a culture mtxlium, in the air to be sampled. 
Since only the heavier particles in the air will 
settle out, and since air currents disturb the 
natural settling due to gravity, this method is 
selective in its results and is erratic and ineffi¬ 
cient. Furthermore, the results cannot be related 
to a definite quantity of air. Some droplet 
nuclei may be so small that they will never 
settle out.^ 

Air sampling devices fall generally into two 
distinct classes, impinging and washing or 
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Fig. 1. Diagrammatic sketch of the Luckiesh-Holladay- 
Taylor electrostatic bacterial air sampler. Air entering 
the siimpler is subjected to an electrostatic field (7000 volts) 
which increases in intensity towards the edges of the 
petri dish, as a result of the shorter spacing of the elec¬ 
trodes. 


* E.^ B. Phelps and L. Buchblnder, *‘Studies on micro¬ 
organisms in simulated room environments. I. A study of 
the performance of the Wells air centrifuge and of the 
settling rates of bacteria through the air,*’ J. Bact. 42, 321 
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bubbling devices. In the impinging types the 
air-borne organisms are collected on the culture 
medium by impingement from air moving at 
fairly high linear velocity, or by 'use of an 
electrostatic field to attract charged particles to 
the culture medium. In the bubbling devices the 
air is drawn through water in such a way that 
fine air bubbles are formed, it being assumed 
that most of the organisms will be collected by 
and remain in the water. In one sampler^ the 
air passes through an atomizing chamber before 
passing through water. 

One of the earliest samplers operating on tlie 
impingement principle was the Wells air centri¬ 
fuge.* It employs a rotating glass cylinder, the 
inside walls being coated with the nutrient 
material upon which the organisms grow colonies. 
The organisms in the air drawn tlirough the 
sampler are impinged, by centrifugal action, 
upon the walls of. the cylinder which is rotating 
at high specnl. 

The United Statc\s Public Health Service has 
made an extensive study of the above two 
sampling devices and six other types.^ That 





bacterial air sampler. 


* S. Moulton, T, T. Puck, and H. M. Lemon, “An 
appaiutus for determination of the bacterial content of 
air,” Science 97, 51 (1943), 

* W. F. Wells, “Apparatus for the study of the bacterial 
behavior of air,” Am. J. Pub. Health 23, 58 (1933). 

* H. U. du Buy, Alexander Hollaender, and Mary D. 
Lackey, A comparative study of sampling devices for 
air-bor^ micr^rganisma,” Supplement No. 184 to the 
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Fig. 3, Diagrammatic sketch of the duplex radial-jet 
air sampler which has two identical sampling units. The 
petri dish with culture niedium rotates slowly below I a 
stationary radial slit, visible in the open lid, through 
which air issues at high velocity*, impinging the micro¬ 
organisms on the culture medium. 


study showed that the highest bacterial counts 
are obtained with the bubbler and atomizer- 
bubbler types of Sc'implers. The most plausible 
explanation for this finding is the theory that 
the micro-organisms are carried in the air in 



Fig. 4. Photograph of the duplex radial-jet air sampler 
shown in Fig. 3. 
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Fig. 5. Diagrammatic views of an iniprovetl duplex 
radial-jet air sampler. The pt*tri dishes are stationary, 
held in place against rubber gaskets, and the drums 
containing the radial slits rotate at 1 r.p.m. 'I'he outside 
surfaces of the dishes do not become contaminated by the 
air being sampled. 


“clusters/* The bubbler-type samplers appar¬ 
ently break up these clusters so that the maxi¬ 
mum numbers of colonies develop, whereas the 
impingement-type samplers do not break up the 
clusters and only a single colony develops from 
a cluster. 


ELECTROSTATIC BACTERUL AIR SAMPLER 

About three years ago the authors and their 
colleague, L. L. Holladay, developed a i)ortable 
air sampler employing an electrostatic impinge¬ 
ment principle.® It is illustrated in the diagram 
and photograph of Figs. 1 and 2. It consists of 
two sampling units, each holding one petri dish. 
Each dish rests on one electrode of a high voltage 
d.c. circuit (approximately 7000 volts), one 
electrode being negative and the other positive. 
A metal cone above each dish has a polarity 
opposite to that of the one on which the dish 
rests, A small blower mounted in the cabinet 
below the dishes draws air over each dish, 

® Matthew Luckieah, L. L. Holladay, and A, H, Taylor, 
“Satnx^ng air for bacterial content, General Electric 
Rev, 49,1 (1946); J. Bact. 52, 55 (1946). 


through an electrostatic field which increases in 
intensity as the air approaches the edge of the 
dish, as a result of shorter spacing between the 
electrodes. The air is finally expelled at the back 
of the sampler cabinet. The apertures are ad¬ 
justed to give an air rate of ^ cubic foot per 
minute through each unit. The complete sampler 
weighs approximately 12 pounds; hence it is 
readily portable. Its operation is very simple and 
comparative tests with the sampler to be de¬ 
scribed next show it to be highly efficient. 
However, it is improbable that it breaks up 
“dusters” of organisms. It is probable that this 
could be accomplished with this sampler by 
collecting the organisms in water and then 
violently agitating it before incorporating an 
aliquot part of it in a culture medium. 


AN IMPROVED DUPLEX RADUL-JET AIR SAMPLER 

A single-unit radial-jet air-sampler has already 
been described by the authors.® Although de¬ 
veloped independently in this laboratory, it is 
essentially a modification of the slit sampler first 
developed by Bourdillon, Lid well, and Thomas.® 
This type of sampler is highly efficient and is 
very useful in the laboratory. 

In the original designs of Bourdillon et ah and 
of the authors, the sampler consisted of a single 
sampling unit. By means of a vacuum pump, air 
is drawn into a hollow drum and issues at high 
velocity through a radial slit onto the culture 
medium in a petri dish which is rotating slowly 
underneath and close to the drum. The sampler 
we described was the result of extensive investi¬ 
gations of the optimum velocity and character of 



Fig. 6. Photograph of the improved duplex radial-jet 
_ air sampler. 


•R. B. Bourdillon, O. M. Lidwell, and J. C. Thomas, 
"A slit sampler for collecting and counting air-bome 
bacteria,’* J. Hygiene 41, 197, 224 (1941). 
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Fw. 7. Typical petri dish illustrating one way in which 
the sampler can be used to measure the rapid change of 
bacterial air contamination (sec reference 3), It represents 
periods of 15 seconds before and 45 seconds after exposure 
of the room air to a 30-watt germicidal lamp. At sampling 
point the intensity of germicidal energy was 30 microwatts 
per sq. cm. 


the flow of air. The authors later modified this 
original design to incorporate two identical 
sampling units, one of ivhich could be used for 
the control and the other for the test.^ Used in 
this way it is a valuable tool in measuring the 
lethal effect of ultraviolet upon various types of 
micro-organisms. It can also be used to determine 
the relative value of different culture media for 
specific types of organisms or for sampling air in 
two places in a room simultaneously. The first 
design of the duplex radial-jet air sampler is 
illustrated in Figs. 3 and 4. As will be seen, the 
air flows over the outside of the petri dishes 
after passing over the culture media, thus allow¬ 
ing possible contamination of the outside of the 
dishes by bacteria which escape collection. 
Furthermore, the construction is such that the 
sampler cannot be autoclaved. 

The authors have recently modified the design 
of the sampler so that the contaminated air does 
not pass over the outside of the petri dishes. The 
modified design is illustrated in Figs. 5 and 6. 
In operation the petri dishes are stationary and 
are inverted over rotating drums. They are held 
in place against rubber gaskets by means of a 
flat spring damp. Air from the two units after 
sampling is brought together just ahead of a 


^ J Matthew Luckieah, A. H. Taylor, and T. Knowlee 
i^lhng air-borne respiratory micro-organtsnw with germi¬ 
cidal energy,** J. Franklin Inst. 224. 267 (1947)’. 


three-way valve. This valve makes it possible to 
by-pass air around the sampler while changing 
petri dishes. Two constant-speed Telechron 
motors rotate the drums at one revolution per 
minute. The upper part of the sampler can be 
removed from the case containing the motors 
and can be autoclaved without damage. This is 
an important advantage, especially when sam¬ 
pling pathogenic organisms or molds. 

• One great advantage of the duplex radial-jet 
air sampler is that it may be used to measure 
rapid changes in concentration of air-borne 
bacteria, such as may occur when a germicidal 
lamp is turned on in a room. This is illustrated 
in Fig. 7, a time-indexed photograph of a petri 
dish after incubation. It shows the concentration 
of respiratory micro-organisms at a given point 
in a room 15 seconds before and for 45 seconds 
after uncovering a 3()-watt germicidal unit irradi¬ 
ating the upper air in the room which was 17 feet 
square and 11 feet high.^ The test position was 
in the center of the room, one foot above the 
mounting height of the lamp. The intensity of 
the germicidal energy (X2537) at the sampling 
position was approximately 30 microwatts per 
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Fia 8. Some experimental mutts obtained with the 
duplex radial-jet air sampler. Saliva was atomtaad into 
the air of a dosed room for an hour, the air being sampled 
fluently. At that time the atomieer was stop^ aad a 
single 30-watt germtddal lamp unit irradiating the air 
above the 7-foot level, was turned on. Air samptini^ at 
two levels in the center of the room with and witiiaut tiie 
germiddal unit show its effectiveness in d^troying these 
organisms, 
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sq, cm» Saliva was nebulized into the room air 
for approximately 20 minutes before starting the 
test and nebuHzation continued throughout the 
sampling period. Bourdillon, in a letter to one 
of the authors* indicated that he has used his 
sampler in this same way to measure the rate of 
change in air contamination resulting from the 
use of a mercury lamp. 

The rapid decrease of respiratory organisms in 
the air of the above room when a single 30-watt 
germicidal lamp unit was turned on after ncbu- 
lization of saliva for one hour is also shown 
graphically by Fig. 8. Data from two tests have 
been combined to show the natural rate of 
decrease after nebulization ceased when no lamp 
was used and tlie highly accelerated decrease 
produced by the germicidal energy^ when the 
lamp was used in the second test. 

The authors have found the duplex radial-jet 
air sampler very valuable in studying the effect 
of varying the exposure of specific air-borne 
organisms to germicidal ultraviolet energy. A 
simplified diagram of apparatus used for this 
purpose is shown in Fig, 9. Water containing 
the organisms is nebulized into an infection 
chamber, volume approximately 25 cubic feet. 
Air from this chamber is drawn directly into 
one unit of the sampler which serves as a control, 
to indicate the concentration of organisms before 
irradiation. The other unit of the sampler 
receives air which has |)as8ed through an irradia¬ 
tion chamber. This chamber has two quartz 
windows through which the air is irradiated by 
8-watt germicidal lamps. The number of lamps 
used can be varied from one to fourteen and 
their distances are also variable over wide ranges. 
These variations are sutficient to determine lethal 
curves for organisms varying widely in resistance. 
Room air entering the infection chamber and air 
passing out of the sampler is disinfected by 
passing through glass tubes in which are enclosed 
30-watt germicidal lamps. 

Instead of using one unit for the control and 
the other for the test, when determining the 
lethal effect of ultraviolet, a single unit can be 
used in the following way. Let the drum make 
a half revolution with the air being irradiated, 
then cover the lamps and continue the sampling 
fox* the other half of the plate. Possible errors 
due to changes in concentration during the 
transition period can be avoided by counting the 



Fig. 9. Simplified diajjram of the arrangement of 
apparatus used to study the lethal effect of germicidal 
energy on air-borne organisms of various types. 


colonies in 160® rather than 180®. Use of a single 
plate in this way avoids errors caused by lack 
of symmetry between the two units. 

The electrostatic air sampler is much more 
easily portable than the radial-jet sampler. The 
latter requires the use of a vacuum pump which, 
with motor, weighs nearly 30 pounds. It also 
requires flow-rate meters in order to maintain 
the correct air-rates. However, in laboratory 
studies such as those described above, the jet 
sampler has distinct advantages. 

The sampling efficiency of any air sampler is 
difficult to appraise, since there is no single 
method which can be assumed to be 100 percent 
efficient. Furthermore, as discussed above, some 
air samplers break up clusters of organisms and 
produce a larger number of bacterial colonies 
than those which do not break them up. Also, 
there is usually no assurance that two samplers 
operating simultaneously will be sampling homo¬ 
geneous air. Many tests must be made before 
valid comparisons are possible. Another factor 
which may' affect sampling efficiency witli any 
particular sampler is the size of the particles 
carrying the organisms: e.g., dust particles, fine 
or coarse droplet nuclei, etc. One method of 
analyzing performance is to put two samplers in 
series, the second in line to be one known to 
have a high efficiency^ Tested in this way, both 
of the samplers described above appear to be 
quite efficient. In many cases reliability and 
consistency may be more important than the 
highest possible efficiency. Both of these samplers 
have proved to be satisfactory in these respects. 
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A Wide-Range Saw-Tooth Generator 

Peter G. Sulzer 

Department of Electrical Engineerings The Pennsylvania State Colleges State Colleges Pennsylvania 

* (Received October 2, I94S) 

A new and comparative!}' simple saw-tooth generator is described. The circuit is capable 
of operating over the range from 15 cycles to 500 kilocycles with good linearity and rapid 
flyback. 


E ver since the advent of the thyratron 
saw-tooth generator/ various attempts have 
been made to extend the upj>er-frequency limit 
of the linear time base. These have usually taken 
the form of a modification of Abraham and 
Bloch’s multivibrator.^ Probably the most suc¬ 
cessful modification is that due to Pucklc,* in 
which one of the multivibrator tubes is used for 
discharging a condenser, which is subsequently 
charged through a constant-current device. 
Although this circuit extended the frequency 
range by’ a factor of 10 over the thyratron 
generator, it has not seen wide application 
because it requires three tubes. More recently, 


*Keen has described a circuit^ which performs 
well with only two tubes. 

This paper describes a simple saw-tooth gen¬ 
erator that is capable of openiting at frequencies 
as high as 500 kilocycles. Although but a single 
tube is employed, it appears to function as well 
as the more cfjtnplicated circuits mentioned 
above. The new circuit has been found to be 
particularly useful as an auxiliary unit for 
extending the frequency range of already 
existing oscillographs. 

It was thought that a useful time-base gener¬ 
ator might be derived from the cathode-coupled 
multivibrator.* Although such a circuit* has 



Fig. 1. Cathode-coupled multivibrator. 


* R. St. G. Anson, British Patent 214754. 

"Notice sur ies Lampes-valves h 3 Electrodes et leurs Applications/' 
No. 27 of the French MmUtire de la Guerre, April, 1918. 

19' Wiley & S)ns, Inc., New York, 1943), p. 30, 

* A. W. Keen, W. Eng. 2S. 210 (1948). 

I K^ts A. Pullen, Jr., Proc. I.R.E. 34, 402 (1946). 

* J. L. Potter, Proc. I.R.E. 26, 713 (1938). 
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Fig. 2. Sweep circuit derived from the cathode-coupled multivibrator. 


already been obtained, it does not give constant 
output with variable frequency, which is so 
desirable in oscillographic work. 

CATHODE-COUPLED MULTIVIBRATOR 

In considering the cathode-coupled multi¬ 
vibrator, Fig. 1(A), it is convenient to start with 
Vi cut off, and Vt conducting. Thus the grid of 
Vi is n^ative with respect to its cathode because 
of the charge on C,. As C, discharges through a 
path containing 2?, as the most important ele¬ 
ment, the bias on the grid of Vi will fall to a 
point where the tube starts to conduct. When 
it does, the cathode current of Fi, flowing 
through Rh, biases the cathode of Vi, decreasing 
its plate current, increasing its plate voltage, 
and thus, through applying a positive voltage 
to the grid of Fi. The result of this regenerative 
process is that Fi conducts heavily, and Fj is 
cut off. During this time, C» is being charged 
through a path containing Rl, the grid-cathode 
resistance of Fi, and Rh. As C, becomes fully 
charged, the current through it decreases, re¬ 
ducing Ae positive bias on the grid of Fi, which 
■tarfai a reverse regenerative process. By a 
suitable choice of parameters the charging time- 
constant, which is roughly RiCf, can be made 


much smaller than the discharging time-constant, 
which is very nearly RgCg. Thus the cathode 
current of Fi can be made to flow in a series of 
short pulses. 

CmdUIT MODmCATIONS 

This fact suggests the placing of a parallel 

—C coiqbination in the cathode lead of Fi, as 
is shown in Fig. 1(B). A saw-tooth volt^;e would 
be produced across C 4 by charging it for a short 
time by means of the cathode current pulses, 
and discharging it for a longer time through Rd. 
The frequency of the resulting sweep oscillator 
would be determined by both of the time 
constants, namely, RgCg and RdCj. Operation of 
the circuit would be complicated by the fact 
that it would be necessary to vary Rg and Rd 
simultaneously to obtain constant output. 

It is possible, however, to avoid this difficulty 
by using the circuit of Fig. 2(A), which dispenses 
with Rg and Cg, Thus only one time-constant 
need be contidered. Operation of the dence is 
as follows: 

Assume that Fi is cut-off because of a large 
voltage across Cd, and V» is conducting. With 
the circuit values of Fig. 2(A), the voltages are 
as shown at this instant <rf time. C 4 will tihen 
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Fia 3. Oscillograms of the output of th^ circuit made at 
(a) 50 cycles, (b) 5 kilocycles, and (c) 500 kilocycles. 

discharge through Rd until the cathode voltage 
of Vi is lowered sufficiently to allow conduction. 
The cathode current of Vi flowing through Rk 
will place a positive bias on the catliode of Fa, 
increasing its plate voltage, and making Vi 
conduct more heavily. Eventually Fa will be 
cut off, as Cd charges through i?*. It is of partic¬ 
ular interest to note that Fi acts as a cathode 
follower at this time, permitting very rapid 
charging of Cd through if*, which is a low 
resistance. This is desirable for a rapid flyback 
of the sweep. As Cd becomes fully charged, the 
current through it decreases, allowing Fa to 


conduct, and cutting off Fi. Cd then discharges 
slowly through Rdt producing the long portion 
of the saw-tooth, which is used as the active 
portion of the sweep. Since the saw-tooth is only 
a small portion of the average voltage between 
the cathode of Vi and ground, excellent linearity 
is obtained without the use of a constant-current 
device such as a pentode. 

It should be noted that the voltage between 
the cathode of Fi and ground is not a true 
saw-tooth because of the small pulse appearing 
across i?*, which is added to the saw-tooth 
appearing across C. The amplitude of this pulse 
is so small, however, that it does not affect the 
operation of the circuit as a time base. 

Figure 2(B) shcfws a practical circuit using a 
type 2C51 dual triode. A four-to-one frequency 
ratio is obtained by varying Rdt while ranges are 
changed by switching C. The accompanying 
table shows values of C and the corresponding 
frequencies covered. With the values shown the 
circuit produces a 20-volt saw-tooth over the 
range from IS cycles to 500 kilocycles. Operation 
is improved somewhat at the higher frequencies 
by inserting an inductance in series with Rl* 

Synchronization is obtained by applying at 
least 0.2 volts peak to the grid of Fa, which is 
normally grounded. Thus synchronizing voltage 
can be introduced easily without disturbing the 
other functions of the circuit. 

When setting-up the circuit, Rk should be 
adjusted for a reasonably short flyback with Rg 
set to a low value and with one of the large 
condensers switched in for C. Shorter flyback 
and a higher maximum frequency are obtained 
with low values of R*. However, if Rk is set too 
low, the lower portion of the saw-tooth may be 
clipped. 

Figure 3 contains three oscillograms of the 
saw-tooth output of the circuit. These were made 
at frequencies of (a) 50 cycles, (b) 5 kilocycles, 
and (c) 500 kilocycles. It will be noted that the 
linearity is good, and that a reasonably short 
flyback is obtained, even at 500 kilocycles. 

CONCLUI^OK 

A new one-tube time-base has been described. 
It is thought that the circuit could be used to 
replace the thyratron time base for most osciQo- 
grapb work* 
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Distant Counting of Scintillations* 

E. P, Blizaro ako S. OrBbkbdbtti 
Oak Ridge NaiiontU iMbaratory, Oak Ridge, Tennessee 
October 7. 1948 

T WO limitations to the use of scintillation counters 
with photo-multipliers are: (a) the photo-multiplier 
will not ojperate in strong magnetic helds, and (b) the pulse- 
height distribution is perturbed by the direct response of 
the multiplier to radiation. These limitations can be cir¬ 
cumvented by separating crystal and photo-multiplier, and 
focusing or canalizing the scintillation light. To test this 
point an anthracene sample was mounted at the focus of a 
hemispherical mirror 11 in. in diameter at one end of an in¬ 
ternally reflecting tube of equal diameter and one meter 
long. A liquid nitrogen cooled 1P21 photo-multiplier was 
placed at the other end, and the whole assembly made 
light-tight. With this arrangement wc could count with 
100 percent efliciency the alpha-particles from a polonium 
source in contact with the anthracene. With 80 volts per 
stage the alpha-particle pulses were much larger than those 
of the photo-multiplier background. Under the same condi¬ 
tions the efficiency for beta-rays of 0,2^1 Mev was 

also 100 percent within the limits of accuracy of source 
calibration. Satisfactory results were also obtained with 
dry ice cooling, and with improved optical techniques it 
might be possible to dispense with cooling altogether. 

* This work was performed uuder Contract No. W-3S-058, eng. 
71 at Oak Ridge National Laboratory. 


A Convenient Method for Checking the Line¬ 
arity of an Electron Multiplier Circuit 

GSORC.fi P. KlRKTATatCK 

United States Resdium Corporation, Almedia, Pennsylmnia 
October 7, 1948 

I N making photometric observations of the brightnesses 
of phosphors, many workers use electron multipliers 
and high sensitivity galvanometers. These galvanometers 
must have a linear response to the output of the multiplier; 
though this response l^s been checked initially, very small 
vibrations do upset the response, and one can do a great 
deal of work before suspecting, the non-linear response. 
The fact that the suspension of a galvanometer swings 
freely does not mean that its response to signal strength 
is linear. 

Luminous sine sulflde deck markers provide a convenient 
means for checking the linearity of the electron multiplier 
and galvanometer. The writer uses a set of these markers 
varying in brightness from 9,0 to 0.30 microlamberts. The 
set has aged sufHciently so that the breakdown is very 
slow; weeks ore requir^ before a perceptible change In 
brightness occurs. The markers are also choked (for bright¬ 


ness in nucrolamberts) against radioactive foil-phosphor 
light standards. The latter undergo even a slower break¬ 
down than the markers, siace the radium exciting source 
is removed from the phosphor when the standard is not 
in use. 

If the brightest marker is used as a secondary standard, 
the others may be calibrated in terms of it. First, filters of 
the proper neutral density are placed between the photo¬ 
cell and the standard marker to give a deflection of approxi¬ 
mately 400 mm to 500 mm; the other markers are then 
observed and their brightnesses computed. The filters are 
then varied so that the second brightest maricer gives the 
above deflection, and the other markers* br^htnesses 
are computed, assuming the first observed brightness of 
the second marker. This proceedure may be repeated a 
number of times using successively fainter markers for 
the full-scale deflection. The observed brightness of a 
marker will then be independent of the scale reading, if the 
response of the circuit is linear. 


Method of lineaiiziiig the Voltage Rise 
of a Relaxation Oscillator* 

R. J. Watts 

Ohio State Unitersity, Columbus, Ohio 
August 16. 1948 

S OME recently described circuit techniques'** suggest 
the application of the “bootstrap” generator to the 
relaxation oscillator in order to obtain a more nearly linear 
rise voltage. In Fig. 1 is shown a circuit which has been used 
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FtG. 2. Oscitlogmph traces of the voltage wave shapes, A is the wave 
shape of normal relaxation oscillator at 215 cycles/sec.; A* is the wave 
shape observed with circuit described at 215 cycles/sec. B is the wave 
shape of a normal relaxation oscillator at 5.4 xilocycles/sec.; 3' is the 
wave shape observed with circuit described at 5.4 kilocycles/sec. (three 
complete voltage waves are presented in each case). 

in this laboratory. In this circuit the **clainp tube” of the 
usual generator has been replaced by a type 884 thyratron. 

The oscillograph pictures shown in Fig. 2 indicate the 
improvement over the normal relaxation oscillator at two 
frequencies. Part A shows the wave form of the voltage 
at the output as presented on a Du Mont type 241 oscillo¬ 
graph when the feed-back condenser C is disconnected 
from the cathode of 6H6. With condenser C disconnected, 
the circuit operation is essentially that of a normal relaxa¬ 
tion oscillator. The repetition frequency in this case was 
215 cycles/sec.; three complete cycles are shown on the 
osdllograph trace. No detailed investigation of the linearity 
of the osdllc^raph sweep was made» but it was assumed that 
the central portion of the sweep most nearly approaches 
iinearity. Part of Fig. 2 shows the wave form observed 
when feed-back condenser C was connected with repetition 
frequency unchanged. An estimate of the improvement 
introduced can be obtained by comparison of the central 
portions of the osdllqgraph traces. Parts B and show 
the corresponding results obtained when the repetition 
frequency was 5.4 kilocydes/sec. 

A useful variation of the circuit may be obtained by 
biasing the thyratron in such a way that the cathode fol¬ 
lower 6SN7 is non-conducting for part of the cycle. In 
this case, one obtains a saw-tooth voltage with the teeth 
separated in time from one another, by the time during 
which the cathode follower is non-conducting. The 
period” is useful if one desires to apply keying pulses to 
some associated circuit, such as those used in television 
systems. 

If, in addition, the thyratron grid is also biased in such 
a manner that the tube is in a non-repetitive state, a single 
delayed sweep can be obtained by applying a positive 
pulse to the grid. The delay time is the time that the 
cathode follower is non-conducting. This delay time is 
limited by the useful sweep voltage. 

The useful sweep voltage can be increased by the use of 
a push-pull output. A satisfactory push-pull output can 
be obtained by using the second triode of the 6SN7 as a 


*‘gain of minus one” amplifier of the type described by 
Fitch and Titterton * 

This work was done In connection «dth a research contract No. 
W28-099-ac-179 between the Ohio State University Research Founda¬ 
tion and the Watson Laboratories of the Air Materiel Command, Red 
Bank. New Jersey. 

t Britton Chance, Rev. Scl. Inst. 17. 396 (1946). 

«V. Fitch and B. W.Titterton. Rev. Sci. Iiwt. 18, 821 (1947), 


High Temperature X-Ray Diffraction Techniques 

J. J. Lanork 

Beli TeUphow Laboralorits, Murray ff$U, Nttff Jersey 
November 8. 1948 

T hree types of accessories for x-ray studies of mate- 
ials at high tenr^>cratures have been built, and these 
are sketched in Fig. 1. Accessories (A) and (B) are suitable 
for the study of materials maintained in high vacuums or 
controlled atmospheres, and (C) may be adapted for high 
vacuum but has been used with controlled atmospheres. 
In either (A) or (B) the incident and diffracted l>eains 
pass through strategically placed glass foil sealed to the 
surrounding glass tube. Since the furnace and containing 
glass envelope are simply attached to standard equipment 
(cameras or spectrometer), this technique results in certain 
simplifications compared with more conventional practice. 
The unit (A) can be mounted on an x-ray spectrometer. 
The glass windows are approximately 1.5 mils thick and 
are lx)wcd inwards. With CuKa-radation the ratio of in¬ 
tensities of diffracted feature to background is almost as 
good as the best obtainable with the glass capillary tech¬ 
nique. A range in 20 of 90^ is provided. The powder to be 
examined is spread on a platinum sheet which is held in the 
furnace by the thermocouple leads. Temperatures as high 



Fig. 1. High temperaturs x-ny dlRrsctlon aooesiorlii. 
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as 1400®C have been maintained and observed with an 
accuracy of about 5*C, if the coating is thin and adherent 
With this accessory and an x-ray spectrometer the time 
between observations can be reduced to a few seconds. 
Thus, this technique is ideally suited to the observation of 
phase transitions and reaction rates, and we have studied 
the phase transitions of the alkaline earth carbonates in 
this way. 

Materials in test electronic vacuum tubes and cold 
cathode tulies have been examined by constructing the 
tubes with opposing glass windows such as are featured 
in (A). Since the electrical characteristics of the tubes can 
be measured simultaneously, this technique avoids ambi¬ 
guity which does result from the use of indirect methods. 

Unit (B) is designed to provide a complete powder 
pattern. It is mounted along the axis of a standard powder 
camera. The powder to be examined is spread thinly on a 
wedge filed in a notch in a platinum rod, the ends of which 


are surrounded by the heater The temperature of the 
powder is the more accurately observed, the thinher the 
powder and the deeper the notch in the rod and the sur¬ 
rounding heater elements. Under favorable conditions the 
specimen may be held at 1400®C and the temperature 
observed with an accuracy of about 5*. 

Unit (C) is an adaptation of more faipilhir high tem¬ 
perature equipment.' However, the unit is mounted on 
standard parts of a standard camera. In the design of 
(C), high vacuums are sacrificed to provide for rotadon of 
the specimen. The furnace design of (C) is also superior 
since the specimen is almost completely surrounded by 
heater, and the thermocouple junedon is exposed to radia¬ 
tion in a fashion almost idendcal with that of the sample. 
Obviously, this feature can be built into (B) and a mecha¬ 
nism provided for rotating the specimen. 

*Sce, for example. W. Hume-Rotbery and P. W. Reynolde, Proc. 
Roy. Soc. (London) 25 (1938). 


New Instruments 


W. A. WilcUuick: Aatociate Bditor 
in Chntee of thie Section 

National Bureau of Standards, Wathinatoa« D. C. 

Thtst dts^iMons art hastd <m infonmUon supplied by the manw- 
facturer and in some cases from independent sources. The Review 
assumes no responsibUiiy for tkHr correctness. 

Regulated Power A new regulated power 

Supply supply for an output of 300 

volts, 200 milliamperes, has 
been announced by the Howard Company. Reguladon is 
obtained, within 1 volt, from 0 to full load and line varia¬ 
tion from lOS to 125 volts. Ripple is less than 10 millivolts 
at full load with 115 volts input, and less than 25 millivolts 
between 0 and full load with line voltage variations from 
105 to 125 volts. The supply is stable within 1 volt during 
long periods of operation at full load. 



This power supply is designed to provide a stable source 
of d.c. for exparimental set-ups and is suitable for continu¬ 
ous operation at full load in permanent insutlations. It is 
%hti compact^ and inexpensive, and can be supplied in 


the cabinet shown or panel mounted for rack installations. 
The unit measures 17"X10"X9", weighs 28 pounds, and 
is priced at (89.00.— Howard Company, 934 ArgyU Road, 
Drexd HUl^ Pennsylvania. 


RCA Electron An electron diffraction unit 

Diffraction Unit developed by RCA to aid in 

observing and measuring con¬ 
ditions on surfaces or in thin layers of materials such as 
metals, ceramics, plastics, oiganic films, and biological ma¬ 
terials, will permit chemical analysis of substances weighing 
as little as 1/28 millionth of an ounce. 

Provisions are included in the instrument for producing 
electron diffraction patterns by either the reflection or the 
transmission method. The instrument will also produce 
shadow micrographs—an essential feature for examining 
the area of the specimen from which diffraction patterns 
arc obtained. 

The new instrument, which resembles RCA*s universal 
model electron microscope in size and shape, consists of an 
optical system, power supplies, a vacuum system, and a 
control panel. 

The optical system is comprised of an electron gun which 
produces the electron beam, an anode which accelerates the 
beam, an electromagnetic lens system to position and focus 
the beam, an object chamber which allows for mtroduction 
and manipulation of the specimen, a viewing screen to 
make the pattern visible, and a built-in camem to provide 
for photography of the pattern. 

Through the correct choice of apertures and pole pieces, 
either extremely small illuminating spots may be obtained 
or wide areas of the specimen may be irradiated. Patterns 
may be focused by lenses either above or below the 
specimen. 
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Five external controls provide for positioning specimens 
up to 1-inph square at any desired angle. A transmission 
specimen holder which takes six specimens on i<inch disks 
of 200-inesh screen is provided, so that it is possible to 
carry at all times a calibration sample while unknowns are 
being studied. A beam stop is provided to reduce undesir¬ 
able halation. A built-in, rock-steady camera is utilized for 
photographing the diffraction patterns on 4-in. X5-in. 
plates. 

A power supply similar to that used in the electron micro¬ 
scope provides a 50-kilovolt dx. supply for the diffraction 
instrument The vacuum system evacuates the electron 
column from atmospheric pressure to an operatiiyi: pressure 
bdow that indicated by 1 micron of mercury in only one 
and a half minutes. All metal vacuum lines and electro- 
mechantcal valving are features of this system. A special 
control panel which provides for complete control of the 
equipment, a built-in charge neutralizer, and ports for 
accessories are also included.— Radio Corporation of 
America, RCA Victor Division^ Camden^ New Jersey. 


Precision-Regulated A d.c. power supply with 
D.C. Power Supply output volUge r^ulation 

better than 0.1 percent, and 
ripple less than 0.01 percent, is announced by the Hastings 
Instrument Company. 



The precision-regulated power supply is adjusted by the 
manufacturer for optimum regulation at any specified load 
from 5 to 30 milltamperes, and for any output voltage from 
0 to 100 volts. Regulation ts thus obtained within dbO.l 
percent for input line voltages varying from 75- to 135- 
volts a.c. at frequencies from 50 to 400 cycles per second. 

Developed for use with instruments requiring highly 
stable d.c. voltages, the power supply is well suited for 
resistance thermometers, wire strain gauges, position po¬ 
tentiometers, and many other industrial and laboratory 
instruments. Because of its unusually low output ripple, 
it may be used with all types of recording oscillographs. 

The unit pictured measures 4"X5"X6'' and weighs 6 
pounds. It is well designed for laboratory use and is small 
enough to be readily adapted as a built-in power supply 
component for large instruments. 

Power supplies designed on the same circuit principles 
for output voltages above 100-volts dx., units for operation 
from other current supplies (i.e., 24-volts d.c.), and units 
having non-standard chassis construction arc available on 
special order. The regular price is $50.00 f.o.b., Hampton, 
Virginia.— Hastings Instrxtment Company. Inc,, P. 0. 
Box i275t HamptoUt Virginia. 


Toroidal Coils Wound toroids ranging 

from |-inch o.d. up are avail¬ 
able from Lenkurt Electric Company, Inc., as an addition 
to that company’s previous Une of molded magnetic parts 
and assemblies. Cores of Permalloy or molded iron powder 
can be used as required. 

Toroidal coils are supplied cased or uncased, impregnated 
or plain, tapped or not, with an inductance range up to 
15 henries and Q as high as 300. Inductance tolerances as 
close as 0,1 percent can be met. Coils are available with two 
balanced windings or with a closely coupled secondary 
superimposed for impedance matching applications. 
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Space savings attained with these toroids range up to 
75 percent over helical coils with the same parameters 
because of improved magnetic efficiency with minimum 
flux loss. 

A few sixes of toroidal cores are molded by Lenkurt as 
well and are available unwound (up to 3 inches o.d.)* Three 
standard powders are used with applicable frequency 
ranges: up to 90 kc, up to 5 me, and up to 200 me. For 
special requirements, however, these cores can be molded 
from any existing ferromagnetic powder.— Lenkurt Elec¬ 
tric Company, liZl County Road, San Carlos, California. 


Multirftll£6 Electronics Company 

Kilovoltmeters announces the Series 121 

multirange kilovoltmeters, 
with full-scale ranges of 15/30 and 25/50 kv, at 50,000 and 
25,000 ohms per volt. 

The input resistance on these voltmeters is constant on 
both ranges, giving a sensitivity of approximately 50,000 
ohjns per volt on the lower voltage range and 25,000 ohms 



per volt on the higher voluge range. The meter movement 
is 20 microamperes full scale and is shunted by proper 
resistors for the two ranges. 

A Ludte safety handle is provided to permit connection 
of the voltmeter to the source of high voltage. —Beta 
Electronics Company, J76Z Third Avenue, New York 29, 
New York. 


Continttotts 
Hydrageufttion Unit 


High pressure, high tem¬ 
perature chemical reactions, 
such as hydrogenations, oxo- 
syntheses, and general organic syntheses of various sorts 
require spectaltxed equipment. For general laboratory 
it is necessary that such equipment be compact, simple to 
operahs, afid fiexible enough for diversffied use. 



Such a unit has been designed by Autoclave Engineers, 
Inc., to serve as a research tool or pilot plant for the study 
of high temperature and high pressure reactions. 

The unit as shown consists essentially of two high pres¬ 
sure, high temperature reactors, one high temperature 
separator, one low temperature separator, two preheaters, 
feed pumps, valves and fittings, furnace and control equip* 
ment for proper operation at pressures to 15,000 p.sd., and 
temperatures to lOOOT. 

Instruments and control equipment consist of a pressure 
recorder and controller, multiple-point temperature re¬ 
corder, two furnaces, temperature indicators and con¬ 
trollers, and six variable transformers for adjusting the flow 
of current to furnaces and preheaters.— Autoclave En¬ 
gineers, Inc., P. 0. Box 110, Titusville, Pennsylvania. 


Magnetic Flux Meter The Model 327 Smith mag¬ 
netic flux meter provides a 
new, simple, complete means of measuring a.c., d.c., and 
transit magnetic flux densities, which eliminates the present 
search coil errors, 

A small probe, thin enough to be readily inserted in the 
air gap of the average electrical machine, is used for measur¬ 
ing fields approaching a point area. 

Probes can l)e supplied in special thicknesses to suit 
specific measurement applications. 

Simplicity of operation is its outstanding feature. 

The interchangeable probe contains a copper constantan 
thermocouple, and for very accurate results a temperature 
compensating formula can be applied. Turning the probe 
in the magnetic field indicates the direcdon of flux. The 
maximum reading is obtained when the probe spirals are 
perpendicular to the field. 

Standard range; 0 to 26,000 gauss; special ranges are 
available. Calibrated accuracy: 1 percent. Connections are 
provided for oscillographic studies of flux. 
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Acompact, 13J-m.Xll-in.X5J“in. portable, its self-con¬ 
tained probes are intercbangeable.— Associated Re¬ 
search, Inc., 231 South Green Street, Chicago 7, Illinois. 


Absolute Pressure The absolute pressure gauge 

manufactured by Airplane 
and Marine Instruments, 
Inc., is a custom-calibrated instrument intended for use 
where precise measurements are required in the ultra-low 
pressure range. It is adaptable to metering in filling elec¬ 
tron tubes, indication of pressures in test tanks and dis¬ 
tillation chambers, measurement of condenser pressures, 
and general laboratory use. A and M welcomes inquiries 
as to its adaptability to other specific applications. 

The instrument consists of aneroid-type capsules whose 
movement is transferred to a needle by suitable linkage. 
The principle is unique in that the measured medium is 
introduced into the inside of one capsule, and the move¬ 
ment of this capsule is opposed by an evacuated capsule. 
The resultant movement is utilized to position the pointer. 
The interior of the case is not evacuated, so only a dust- 
proof case is required. Rugged stops are provided to prevent 
damage should the instrument go off scale. 

Accuracy is said to be 1 part in 500, with a sensitivity of 
1 part in 1000. The scale diameter is 6 inches, and the scale 
length is 15 inches. 

The following are available as standard ranges: Model 
1001-50,0 to 50 mm Hg; Model 1001-100,0 to 100 mm Hg; 
Model 1001-200, 0 to 200 mm Hg. The scales for these 
ranges may be graduated as requested by the customer. 
Inquiries for special ranges arc invited.— Airflanb and 
Marine Ivimvmxm, Inc.. CkarfiM, Pennsylvania. 


Pulsed X-Rays A technique borrowed from 

wartime radar sets has pro¬ 
vided the peak power flashes needed to make super-speed 
x-ray motion pictures. 

Mr. Donald C. Dickson, of the Westinghouae Research 
Laboratories, recently stated at the National Electronics 
Conference that a specia! high voltage, radar-type pulse 
transformer and an electronic tube are key units in making 
exposures of 10 millionths of a second on x-ray film moving 
at 150 frames a second. The tremendous surges of high 
voltage power necessary to make these exposures are 
similar to the split-second pulses required to transmit 
radar signals. 



The electronic tube is flashed at 150,000 volts, and the 
power during pulses exceeds 5 million watts. The tube used 
for x-ray movie work is a 14-inch long cylinder. This is 
immersed, along with the radar-type transformer, in an 
insulating oil bath and is placed 3 feet from the x-ray film. 

In order to generate the type of x-radlations needed, it 
was necessary to heat the tube filament to a temperature 
where tube life would be limited to 15 minutes. At 150 
frames a second, 135,000 individual radiographs could be 
taken, requiring more than 6 miles of 9}-inch wide film to 
record them. 

For medical and other industrial uses, longer power 
surges, greater x-ray penetrations, slower exposures, and 
larger operating fields may be required.—^WssTtNoaousE 
Electric Corforation, Bloomfidd^ Now J^sey. 

Magnetic Teet Set A new type of test set for 

magnetic materials in laminar 
form is announced by the General Radio Company. 

Measurements of permealtility and core toss are made 
at 60 cydes and at low levds such as are encauntmd in 
inductors and tnmiformers used in communicatioit systems* 
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Test sample can be a single lamination or a few duplicate 
strips in parallel. Minimum length of sample is 2i'\ maxi- 
mum width is I''. 

Measurements are made on a Maxwell bridge of the in¬ 
ductance and loss of a solenoid surrounding the sample, 
which is clamped in test yoke so designed that its reluctance 
is negligible compared to that of the sample. 

The sinusoidal magnetizing force applied to the test 
sample is adjustable from one millioersted to six oersteds. 
A d.c. magnetixing force up to 2 oersteds can also be 
applied for incremental measurements. Permeability range 
is 25,000 full scale fora specimen cross section of 10 sq. mm, 
for which the dial reads directly in permeability. 

Accuracy of absolute measurements depends upon the 
precision with which the specimen cross section is known. 
Simitar samples of identical cross section can be compared 
with an accuracy of 2 percent.— General Radio Company, 
275 MassachuseUs Avenue, Cambridge JP, MassachuseUs, 


Midget Meter international Instruments 

announces the development 
of a midget meter, 1 inch in diameter, with a scale arc of 
270*. This will provide a scale chord even longer than that 
obtainable on 3Hnch conventional meters. 



The l«inch instrument Is being developed for special uses 
in aircraft applications, where size and weight UmitatsemB 
are of prime importance. Other applications are anticipated 
by the manufacturer, to include radio and television helds, 
laboratory test equipment installations, and other instances 
where the use of miniature meters of high accuracy is re- 
quired. Accuracy is stated by the maker as 2 percent. These 
midget meters operate on the same general principles as 
do the conventional D’Arsonval moving-coil types. 

The meter is stated to be ruggedly constructed to with¬ 
stand vibration and shock. The instrument can be made 
watertight and is designed to mount by means of a threaded 
ring.— International Instruments, Inc., SSI East Street, 
New Haven 11 j Connecticut. 

Ion Chambor A new Model 2050 charger- 

Cha»er>Reader reader, designed to be used in 

conjunction with pocket-type 
ionization chambers, is announced by the Nudear Instru¬ 
ment and Chemical Corporation. The ionizarion chambers 
are used as health monitoring devices in the presence of 
gamma- or x-ray types of radiation. 



The functions of the Model 2050 are twofold. It wiU 
charge the ion chamber to a known voltage, and it will 
measure the residual chamber charge after exposure to 
radiation. This 110-volt a.c. operated electronic voltmeter 
and electrometer will charge and read the nudear Model 
3340 diaphragm-type pocket meter, and, by rotation of a 
selector switch, the non-diaphragm type-pocket km 
chamber can also be chedeed. AH '^chaige" and **rea<l'' 
oba^^tions are made on a 3-mch meter with a Hnear 
scaler. Accuracy is db2} percent of full scale. 
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Operation of the 2050 is very simple. The regulating 
circuitf will allow stable operation with an ax. power varta* 
tion of from 95 volts to 130 volts. The unit is housed in a 
smooth grey^finish steel cabinet 6"X5''X10J", and pro¬ 
vision is made for storing up to seven pocket iOn chambers 
within the case cover.— Nuclear Instrument and Chem¬ 
ical Corporation, 223 West Erie Street^ Chicago, Illinois 

B6ta*‘GEnilllft**Scaler ThenewKelley-Koett beta- 

gamma scaler, Model K-280, 
is 22"'Xn"XI5" (deep) and weighs only 47 pounds. It was 
designed and developed for the precise measurement of 
radioactivity. It may be used for research work, for assay¬ 
ing of metals, and for many other research or routine count¬ 


ing jobs. Incorporated in the scaler are such features as a 
scale of 256, scale selector, autocount, and autotime. The 
scaler has a resolving time of 5 microseconds or better. The 
high voltage supply is continuously variable from 500 to 
2000 volts, with regulation of 0.02 percent for 1 percent 
change in line voltage. The G-M input terminals are 
located on the front and rear of the sealer. A Highinbotham 
scaling circuit is incorporated in the Keleket scaler. A de¬ 
tailed bulletin containing a complete descriptiem, specihea- 
tions, and illustrations will be mailed upon request.— 
Instrument Division, Kklley-Koett Manufacturing 
Company. Department B, Cowngton, Kentucky. 

Vibration Meter The new Calidyne vibra¬ 

tion meter is designed to read 
vibration levels directly in r.m.s. inches or r.m.s. inches per 


second when used with the velocity pick-up made by the 
MB Manufactuiing Company, 

The vibration meter is a seIf-oontaine4» battery^Ofperated 
unit with internal calibration requiting no external power 
connection—thus ofTeiing the utmost convenience for field 
testing. 

Integration of the velocity pick-up signal to pro>dde dis¬ 
placement measurements directly is effected by throwing a 
switch. No scale factor or conversion is required. 

The instrument is handsomely cased in walnut, is only 
7X8}X11 inches in size, and 14 pounds in weight. Range 
irom 0.001 to 50 inches per second; 0.001 inch up for dis¬ 
placement. Price |350, f.o.b., Winchester, Massachusetts. 
—The Calidyne Company, 751 Main Street, Winchester, 
Massachusetts. 

r-f Z-*Axigl6 Motor Another step ahead in 

speedy, efficient, accurate 
measurements of complex electronic circuits is announced 
by the Technology Instrument Corporation engineers with 
the presentation of the recently developed r-f Z-angle 
meter. Wherever this new instrument has been shown dur¬ 
ing the months of testing before its formal announcement 
to the electronics industry, it has been acclaimed for the 
way in which it provides direct reading of impedance and 
phase angle at radio frequencies. 

The r-f Z-angle meter has been developed by the en¬ 
gineers who produced the Z-angle meter, which has*found 
wide acceptance for measuring at audiofrequencies, the 
impedance and phase angle of loudspeakers, transformers, 
transmission lines, and complex networks without the need 
of extensive mathematical calculations. The instrument 
promises to provide the same ease of measurement, at 
radio frequencies, of broadcast antennas and transmission 
lines, and for general laboratory measurements which, 
heretofore, have been avoided because of the cumbersome 
equipment and calculations involved. The r-f Z-angle meter 
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is carefully engineered and produced to the exacting 
spedhcadons which assure users of electronic measuring 
devices of a highly efficient and practical instrument. 

Technical data, prices, and otW information are avail¬ 
able on request from the Technology Instrument Cor- 
PORATioHi 105S Main Sifeet^ Waltham 54, MassachuseUs. 


Fatigue Tester Accelerated fatigue tests 

by reverse bending at natural 
or resonant frequencies are obtained with this pneumat¬ 
ically operated fatigue tester. The pneumatic resonant 
principle is employed, and a relatively small air supply is 
required. 

The fatigue tester consists of an air-operated fatigue 
motor, a telescope, a pressure regulator, and an atr valve. 

The test sample, which may be a material specimen or a 
finished part, is clamped in a holder. The free end is vi¬ 
brated by air pressure through a tuned air column until 
the piece fails. 



Samples with resonant frequencies between 50 and 300 
cycles per second can be tested. Amplitudes of vibration 
up to 0.5 inch on the free end may be obtained. The speci¬ 
men is vibrated under conditions which simulate the actual 
dynamic loading conditions, and, since the specimen is 
vibrated at its own resonant frequency, test duration is 
usually short. 

The fatigue motor is made up of a holder in which the 
specimen is clamped, 2 small pistons which are easily 
attached to the free end of the specimen, and an adjustable 
air cdumn. This motor operates from a compressed air 
supply of 20 Ib. per square inch minimum pressure and 
requires approximately 20 cu. ft. per minute. The adjust¬ 
able air ctiumn can be made tunable over a vibration fre¬ 
quency range of roughly 50 to 300 cycles per second, with 
the use of seven trombones” provided with the fatigue 
tester. 

A telescope mounted on the fadgue motor is used to 
measure the displacement of the vibrating specimen di¬ 
rectly in thousandths of an inch, 

Ite pressure regulator maintains a constant air pressure 
the fatigue motor up to 20 lb. and can be used for air 
pressure up to 90 Ib. Since the power available from the 


fadgue motor is a function of air pressure, the pressure 
regulator is adjusted to the air system, to obtain maximum 
power. Generally, 20 to 30 lb. per »q. in. is sufficient to 
drive most specimens. 

An air valve is supplied for insertion in the air line be¬ 
tween the pressure regulator and the fatigue motor. This 
is used to control vibration displacement of the specimen. 
—General Electric Company. Schenectady 5, New York, 


High Accuracy a new type of mercury 

Mercury Manometer manometer has been designed 

and built by the Taylor In¬ 
strument Companies to meet requirements of positive ac¬ 
tuation, dependable performance, and greater adaptability 



in flow, liquid level, and differential pressure measurement. 
The new manometer is designated as Model 1500 to signify 
its 1500 p.s.i. working pressure and is available in differ¬ 
ential pressure ranges of 10 to 400'' of water. It is built for 
use on indicadng, recording, or controlling instruments, 
and two manometers can be mounted on a single case for 
recording two flows or ratio flow control. 

A few of its outstanding features include: (a) Greater 
energy output which is made possible by the use of a large 
diameter float and long float travel, (b) Specially designed 
pressure tight bearing of stainless steel with Teflon bearing 
.surfaces—the new synthetic plastic whose self-lubricating 
characteristic assures no freezing, reduces friction to a 
minimum, and gives leak-proof performance, (c) Positive 
overrange protection is provided with positive-acting, non- 
sticking check valves submerged in mercury. These valves 
give protection against loss of mercury from overrange, 
sudden fluctuations, and flow reversal, (d) Ledkkss damp¬ 
ing adjustment under full-rated pressure is assured with an 
uniquely designed damping device, (e) Interchangeable 
range chambers contribute greatly to the adaptability of 
the new manometer which now gives continuous ranges 
from 10 to 533" of water. No piping changes are necessary 
when changing from one range to another,— Taylor In¬ 
strument Companies, Rochester i, New York, 
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Piezoelectric Gauges Fw those who to 

m^sure pressures of “instan¬ 
taneous" or "explosive" nature, piezoelectric gauges which 
will give faithful measurements of transient p^ssures vary¬ 
ing from a few pounds to 30,000 p.sJ. are now available 
commercially. 

The remarkable piezoelectric gauge, developed during 
the war under U. S. Navy contract, is now available for 
peacetime industrial and laboratory applications. The 
gauge works on the principle that when certain types of 
crystals are placed under sudden compressive stress, an 
electric charge is generated which is proportional to the 
stress. This charge can be measured and the stress com¬ 
puted, or indicated by suitable instrumentation. 



Piezoelectric gauges are applicable only to rapid tran¬ 
sient pressures or "explosive” pressure rises. They will not 
record slow pressure changes regardless of amplitude. Their 
usefulness lies in their ability to measure shocks of high 
magnitude when transmitted through liquids, gases, and, 
in some cases, through solids. Piezoelectric gauges were 
used to measure air and underwater pressure at the Bikini 
atom bomb tests. They are used in measuring "artificial 
earthquakes" set up in geophysical oil field exploration. 
They may also be used for such applications as measuring 
the explosive forces in the firing chambers of big guns and 
in the cylinders of internal combustion engines. The large 
gauge shown is for blast pressures in gaseous mid-air, and 
the small one is for underwater use.— Cambriogb Thbiimi- 
ONic Corporation, Concord Avenue, Cambridge 38, 


A new instrument which 
measures the intensity of ex¬ 
plosion shock waves passing 
through the earth has been 
announced by General Electric^s Special Products Division. 

Called the "earth-shock acceleration detector," the new 
device is about the size of a small tin can. It is designed so 
that it can be buried near the scene of test explosions, 
enabling engineers to determine the underground velocity 
and acceleration of shock waves caused, for example, by 
the use of high explosives on large construction projects. 
The instrument can register shocks up to 1500 rimes the 
force of gravity, and as many as 10,000 impulses per second. 


Massachusetts* 


Earth<-Shock 

Acceleration 

Detector 


The acceleration detector contains crystals which gener¬ 
ate a voltage when under stress. Signals from the crystals 
are carried through cables to amplifiers and delicate re¬ 
corders above ground. 

Four of the new instruments, recently used on the site 
of Watauga Dam, near Elizabeth ton, Tennessee, gathered 
data on what sort of shocks occur 130 ft. below a half- 
million pounds of high explosives. The explosions were set 
off by the Tennessee Valley Authority in constructing an 
earth dam. 

These acceleration detectors are not stock items but arc 
"custom built." In each different case, the specific design 
of the detector is determined by the individual application 
for which it is to be used. For further information contact 
the Special Products Division, General EtfecTRic 
Company, Schenectady 5, New York, 


Manufacturers^ Literature 

Instrumeot Notes— S-page brochure, No, 5, Oct.-Nov. 
1948, on temperature compensation of bridge-type trans¬ 
ducers, describes methods of compensation for two types 
of errors caused by ambient temperature variations; it in¬ 
cludes circuit diagrams.— Stratham Laboratories, Inc., 
9328 Santa Monica Boutevard, Beverly Hills, California* 

Tedmlque— Vd. 2, No. 4, Muirhead Journal of Imlru- 
ment Engineering features articles on phase displacement, 
variable air capacitor of zero loss angle, and screens and 
guard rings in electrical measurements.— Muikhsad and 
Company, Limited, Beckenham, Kent, England* 

Tncelof— 12-page bouse organ, No, 13, features a de¬ 
scription of the improved radiatioti survey meter, indudes 
a list of more available C44 tagged compounds, and other 
items of mterest."-TRACSitLAB, Inc., 55 OKssr Street, 
Boston, 10, Massachusetts* 





NEW MATERIALS 


91 


Thm Bi;p«rim«iiter —S-page General Radio bulletin, VoL 
XXI11, No. 5, gives a complete description of a new coaxial 
connector for the laboratory, with cut-away photographs, 
sketches, and charts.— General Radio Company, 275 
Massachusetts Avenue, Cambridge 39, Massachusetts. 

Prestim and Vacaum Gauges— A new catalog, 31 pages, 
gives full descnptions of various indicating and recording 
gauges and controllers. It is well illustrated with schematic 
drawings, photographs, and diagrams.— The Brown In¬ 
strument Company, Wayne and Roberts Avenues, Phila¬ 
delphia 44, Pennsylvania. 

Taylor Instruments —completely revised illustrated 
edition of Taylor Guide to Correct Instrument Selection, 
Bulletin 98170, gives a bird’s-eye view of the companies* 
entire industrial instrument line. The field of application 
of each type of instrument is covered, as well as its prin¬ 
ciple of operation and range limits.— Taylor Instrument 
Companies, Rochester I, New York 

Spaed Measuring Instruments —A new 28-page bulletin 
35-30 presents the description, operation, and selection of 
chronometric, centrifugal, and resonant reed tachometers. 
A selection of ranges up to 100,000 r.p.m, are available in 
single and multirange instruments.—J ames G. Biddle 
Company, 1316 Arch Street, Philadelphia 7, Pennsylvania. 

Micromax Model S—32-page illustrated catalog 
ND44(1), just issued, lists, for the first time in one publica¬ 
tion, the complete line of stripchart micromax recorders 
and controllers for measuring a wide variety of process 
variables.— Leeds and Northrup Company, 4934 Sienton 
Avenue, Philadelphia 44, Pennsylvania. 

RCA Teclmical Bulletins —Two technical data sheets— 
one on the 4-2S0A/5D22 power tetrode, forced-air-cooled, 
for use as an a-f power amplifier and modulator as well as 
r-f power amplifier and oscillator, and one on the 308S2, 
and 40852 eight-inch speakers of the permanent magnet 
type—have recently been issued.— Tube Department, 
Radio Corporation of America, Harrison, New Jersey. 

Dapoaited Carbon Roaiftora—2-page catalog data bulle¬ 
tin B4 give* complete electrical characteristics and me¬ 
chanical apedficatkkns on the IRC preciators which feature 
high stability and low voltage coefficient —International 
Rbsistahcs Company, 401 North Broad Street, Phila- 
ddphia S, Pennsylvania. 

pB. and ConductlYRy —Catalog No. 15-12 features 
and conductivity control and their application to different 
industrial processes. This 43-page catalog is fully illustrated 
with photographs and schematic drawings. —Brown In- 
VTRcncBKT Company, Wayne and Roberts Avenues, Philo- 
ddphia 44, Pennsylvania. 
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TI fantfitn Titanium, one of the least 

exploited metals, is widely 
distributed as a minor constituent or impurity in many 
minerals and is the ninth most abundant of the elements, 
being 23 times as abundant as carbon. The fact that It is 
difficult to separate from its ores as a pure metal has kept 
it in the class of laboratory curiosities until quite recently, 
and little is known concerning the metallurgy and proper¬ 
ties of its alloys. A successful method of refining it was 
developed by the Bureau of Mines recently, and it is now 
being produced in a ductile form by du Pont in a pilot 
plant having 100 pounds daily capacity. 

It is a silver-white metal having a density of 4.5 and a 
melting point of 3140°F. Its yield strength is about 70,(KK) 
p.s.i. in the annealed form, and about 100,000 p.s.i. when 
cold worked. In the ductile form it is easily worked. Also, 
it has excellent corrosion-resistant properties. Tests have 
shown that, without protection it withstands atmospheric 
and salt-water corrosion better than most structural ma¬ 
terials. In strength and corrosion resistance it compares 
with 18-8 chromium-nickel stainless steel, but weighs only 
about half as much per unit volume. 

The use of titanium oxide, as a pigment in paints, and 
for certain other special applications, has been realised 
commercially during the past 20 years, but the possible 
industrial uses of the metal itself have not been explored. 
Enough is known to Indicate that it can be used where a 
high strength-weight ratio is needed. An early major use 
may be in high speed planes. It may find applications in 
corrosion resistant equipment, particularly where heat and 
pressure are great. 

Research on titanium metal and its alloys is being ac¬ 
tively pursued by a number of organizations. It is now 
available in sponge form (99,5 percent pure) at a price of 
$5 per pound in 100 pound lots, and will shortly be pro¬ 
duced in ingots. Mass production will, of course, make it 
possible to reduce the price sharply. The du Pont Com¬ 
pany will supply small samples without charge to industrial 
and university laboratories for testing.— E. 1. du Pont db 
Nemours and Company, Wilmington 98, Delaware. 


Small Aluminum A kit, containing an assort- 

Tubing meat of small bore aluminum 

tubing, has been made up for 
the use of instrument repairmen, to match the mass and 
inertia of instrument pointers which must be replaced* 
3-5 aluminum alloy tubing in outside diameters of 0.0155^ 
0.019, 0.023, and 0.026 inch and S2-S aluminum alloy with 
an outnde diameter of 0.019 inch are included. Wall thick- 
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n«8se» 0.0015 and 0.002 inch. The tubes are of con* 
venient lengths and the kit contains a total of 25 feet of 
tubing.—PgBasioN Tube Company, 3S26 Terrace Stre^, 
Fkitadelphia 2S, Pennsylvania. 


Castable Refractory FirecreU 3x, a new castable 
^ refractory for use up to 

SOOOT, is supplied dry and mixed with water just before 
use. It may be cast or poured into wood or metal forms to 
produce special shapes such as burner blocks, door linings, 
covers, and complete furnace linings. The casting is air- 
cured for 12 hours and then heated slowly to a temperature 
above that at which furnace operation will be held. A cubic 
foot of construction requires 135 pounds of material. 
Shrinkage is said to be negligible.— Johns-Manville 
Sales Corporation, 2Z East 40 Street, New York 16, 
New York. 


Heat-Resistant 

Polystyrene 


Koppers P‘3, is a heat- 
resistant, low shrinkage, poly¬ 
styrene molding compound- 
made by a new process in which a close control is held over 
molecular structure. It is stated to mold as easily as the 
regular grades of polystyrene and to result in a glass-clear 
product. The manufacturer reports that it has a heat- 
distortion temperature of 204°F or better when tested in 
accordance with ASTM D648 and that when a molded 
piece supports only its own weight, short-time immersion 
in boiling water docs not soften the material enough to 
warp it materially. Molded articles were unaffected by a 
i5-mtnute immersion in boiling water.— Koppers Com¬ 
pany, Inc., Chemical Division, Pittsburgh 19, Pennsylvania. 


Plastic Pipe Light-weight plaatic pipe, 

designed for working pres¬ 
sures up to 650 p.s.i. and temperatures up to 100®F, is now 
being produced on a commerdatl scale. Standard tees, elU, 
and joints can be used with this pipe. It is stated to handle 
a variety of fluids including water, organic solvents, 
alkalis, etc., as well as natural and manufactured gas. 
3i feet of the 1" pipe weighs 1 pound. This pipe" is now 
available in standard, heavy-wall pipe sixes from I.D. 
to 3" I.D.—Extruders, Inc., 8509 Higuera Street, Culver 
City, California. 


Thermosetting ScotclhWdd Bonding PUm, 

Adhesive Film applied as a transparent 

film between surfaces to be 
joined. Pressures from 25 to 100 p.s.i. and temperatures 
from 300 to 500®F, for times from 5 to 60 minutes are used 


in bonding. In a test apf^icatlon, 0.064''alufmaum bonded 
to itself, was said to de^^op a shear strength of 3500 p.s.i. 
in the joint. Only conventional cleaning is reqiuired to pre¬ 
pare surfaces. The film is available in rolls of from V* to 
36'' width and in film thicknesses from 0.002" to 0.008". 
It is not tacky to the touch when removed from the roll.— 
Minnesota Mining and Manufacturing Company, 902 
Fauquier Avenue, St. Paul 6, Minnesota. 


yitra-Fine Abraaive Type .4-5175 alpha^alumi^ 
Powders oxide has a hexagonal 

crystal structure and a hard¬ 
ness of 9 on the Moh scale. Its particle size is 0.3 micron, 
and its apparent density is 4 g/cc. Type ^*5125 gamma- 
aluminum oxide has a cubic structure and a hardness of 8. 
Its particle size is under 0.1 micron, and its apparent 
density is 3.6 g/cc. Both are suitable for metallographic or 
other fine polishing wofk and may be applied either dry or 
in slurry. Both are also suitable for use as ingredients in the 
manufacture of phosphors and as catalyst carriers.— 
Linde Air Products Company, 32 East 42 Street, New 
York 17, New York. 


Rust Preventive 
Wrapper 


NoX‘Rust Wrapper is a spe¬ 
cial kraft paper impregnated 
with a chemical which, on 
slow vaporization, pasmvates the surface of metal to pre¬ 
vent corrosion. The presence of the impregnant does not 
particularly alter the appearance or strength of the 
wrapper, and it is stated to be non-toxic and odorless. Its 
action does not depend on the package being sealed, and 
its stability is such that its protection is “for an indefinite 
period of time." The manufacturer reports tests which 
show complete protection to the contents of unsealed 
packages over a period of 45 days in a relative humidity 
of 100 percent at a temperature of 120'’F. Since it does not 
require sealing and Is effective on uncoated metals, it should 
offer considerable economies in packaging steel parts. 

Samples and further information may be secured from 
the manufacturer.— Nox-Rust Chemical Corporation, 
2419 South Halstead StreH, Chicago S, lUinoie. 


Lens Claaner Klr~Vu, a liquid cleaner for 

optical glass Mtrfaces, is stated 
to leave an invisible film which gives long-lasting protection 
against fogging or frosting under sevm conditions. The 
manufacturer also states that glass which has been treated 
with the liquid has measurably increased light transmission 
and remains clean considerably longer than normally.— 
Sax Klebn Company, 11 Bleeker Albany 2, Nem 
York. ‘ 
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Trochotron Design Principles 

G. W. Monk* and G. K. Werner 
Carbide and Carbon Chemicals Corporation, Oak Ridge, Tennessee 
(Rtxeivcd July 23, 1948) 

A simple derivation of the perfect focusing properties of the trochoidal type mass spectrometer, 
which leads to convenient methods of correlating the many variables for design purposes, is given. 
Nomographs and general trochoids are given which apply to charged particles in crossed, uniform, 


electric, and magnetic fields. 


I. INTRODUCTION 

T he perfect focusing projierties of the crosstxl 
electric and magnetic fields of a trochotron 
were first pointed out by Bleakney and Hippie* who 
also described two small experimental units and gave 
a chart to simplify calculation of the focal distance 
of such an instrument. A much larger prolate instru¬ 
ment with a fcKal distance of 40 cm was built at 
this laboratory and described briefly by Monk, 
Horton, and Graves,^ while more recently a 9-cm 
trochotron for low mass isotopic assay was also 
constructed here. All of these instruments demon¬ 
strated that the unique focusing properties of the 
trochotron are easily obtained in practice with 
moderately precise equipment. 

Many of the following advantages of the trocho¬ 
tron were first pointed out by Bleakney and Hippie :* 

(a) The focal distance is independent of the angle with 
which the ions enter the analyzing fields. This is true 
for all angles and means that only two precise slits 
are required, one to define the position of the source 
and the other placed at the focal point to limit the 
mass range receivfed by the collector plate. If photo¬ 
graphic detection is used, only the source slit is 
required. 

(b) The focal distance is independent of the energy or 
velocity with which the ions enter the analyzing 
fields. This, in combination with (a) means that any 
of a great variety of sources can be used since any ions 

• Now at Camp Detrick, Frederick, Maryland. 

Bleakney and J. A. Hippie, Jr., Phys. Rev. 53, 521 
(1938). Patent No, 2,221.467, Focusing 
Charged ParUcks issued to Walter Bleakney Nov. 12, 1940 
and assigned to Research Corporation of New York. 

»G. W. Monk, J. L. Horton, and J. D. Graves, Rev. Sci. 
Inst. 18, 796 (1947). 


passing through the source slit will be focused at a 
distance dependent only upon m/e and the fields. 

(c) For fixed analyzing fields the focal distance is propor¬ 
tional to m/e of the particle. If a photographic plate 
is used for a detector, the masses will be linearly 
spaced along the plate. This linearity also indicates 
that the trochotron has twice the resolution of a 180* 
instrument with the same focal distance. 

The disadvantages are predominantly ones of 
size or mechanical consideration: 

(a) The magnetic field must be maintained uniform over 
a larger region than in any other type of mass spec¬ 
trometer of the same performance. 

(b) A uniform electric field must be maintained over a 
relatively large region inside the vacuum tank. 

(c) The focal point for a given m/e is not unique in that 
ions of different m/t may pass through that focal 
point on the way to their own focus, and negative 
ions of the same numerical m/e will be focused at the 
same point as the positive ions if they have enough 
energy to enter the analyzer. This difficulty is easily 
eliminated in a practical design. 

(d) 1'he number of variables which can take a wide range 
of values makes calculations of performance under 
various conditions somewhat more involved than 
with conventional instruments. 

The motion of ions in crossed, uniform, electric, 
and magnetic fields has been studied, both neglect- 
and considering* ® the relativity effect. The 
purpose of this paper is to present a simple method 

•L. Page and N. I. Adams, Jr.. Principles Electricity 
(D. Van Nostrand Company, Inc., New Yoric, 1931), p. 282. 

< N. D. Cpggeshall, Phys. Rev. 70, 270 (1946). 

»L. Page and N. I. Adams, Jr., Electrodynamics (D. Van 
Nostrand Company, Inc., New York, 1940), pp, 241-246, 
478Ht83. 

•W. R, Smythe, Static and Dynamic EleUrici^y (Edwards 
Brothers, Inc., Ann Arbor, 1936). 
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of demonstrating the focusing properties tudi 
fields and give practical curves* nomographs, and 
equations as an aid to computation. 

Coggeshal!^ describes another arrangement hav¬ 
ing perfect focusing properties in which the mag¬ 
netic field is uniform but the electric field strength 
is proportional to the distance from some axis along 
the magnetic field. No advantage over the uniform 
fields is apparent, however, and the difficulty of 
maintaining such an electrostatic field is great. 

The term *"trochotron” apparently was first 
used in a published paper by Monk, Graves, and 
Horton* but recently^ was also applied to a vacuum 
tube in which the electron paths were trochoidal. 



U. FOCUSING PROPERTIES OF CROSSED, UNIFORM, 
ELECTRIC AND MAGNETIC FIELDS 

Consider a rectangular coordinate system ori¬ 
ented as shown in Fig. 1 with the origin on the ion 
of mass m, and charge e —at a time when its velocity 
is V —making an angle, 6, with the positive x axis. 
Relativity effects will be neglected and, unless 
otherwise specified, c.g.s.-electrostatic units will be 
used—except in the case of the magnetic field which 
will be measured in gauss and assumed large com¬ 
pared to the electric field E, 

Instead of calculating the force exerted by the 
magnetic field on the particle as a result of its total 
velocity, t>, consider two components of v, as shown 
in Fig. 2, so that one, va^ is equal to Ec/H along 
the positive x axis.® This component is of such a 

Y 


E 

Fig. 1. Orientation 
of the axes with re¬ 
spect to the fields and 
the charged particle. 



Y 


£ 



^«EC/H 


X 


Fig. 2. Components 
of the Initial velocity, 
V, that are used in the 
derivation. 


H. Alfven and H. Romanus, Nature 160, 614 (1947). 

•A somewhat similar demonstration was used by W. G. 
Dow, Fundamentals of Enmneering Ekaronics (John Wiley & 
Sons, Inc., New York, 193V), pp. 66-70. ^ 
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Fig. 3. Nomograph for correlatinj^ the variables in Eq. (4). 
The dotted lines show typical operating values of a trochetron 
having a focal length of 8.9 cm and receiving mass 10. 

magnitude and direction that the magnetic force, 
Hcva/c, generated by it along the negative y axis, 
is just equal and opposite to the total electrostatic 
force, Ee. Thus the problem reduces to combining 
this uniform translatory motion with the motion 
that results from a velocity, vp, in the magnetic 
field alone. Of course, if this vp were the velocity of 
the ion in the magnetic field alone it would execute 
a circle in a time given by 

T^2imc/He, (1) 

which is independent of v and d. At the end of this 
time the entire circle will be traversed and the 
translatory velocity, Ec/H, will have moved the 
particle along the x axis a distance 

b^‘VAT^2imu?E/IPe, ( 2 ) 

which is also independent of v and &. Thus the par¬ 
ticle executes circles while simultaneously being car¬ 
ried along the x axis at a uniform rate, and the length 
of a cycle does not depend upon the angle or vdocity 
with which the ion enters the fields. 

Such a path is trochoidal in shape and, if the 
translated circle is thought of as being carried 
along by a rolling circle, the latter must be assigned 
a circumference b and hence a radius 

a^b/2w’mmc*E/H*e. (3) 

However, the concept of a rolling circle can be 
very confusing because of the difficulty in locating 
the line along which it rolls for given initial 
conditions. 

The value of vp can be obtained easily from Fig. 2 
by the law of cosines, and hence the radius, p, of 
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Fig. 4. General trochoids drawn by machine with the 
same b and difference values of p/a. 


the circle being translated is calculable. If p>rt, the 
path will be called a prolate trochoid; if p<a, it 
will be called a curtate trochoid ; if p~a, it will be 
called a cycloid. This definition of prolate and cur¬ 
tate agrees with Bleakney and Hippie^ but is re¬ 
versed from that given by Page and Adams.* * 
Actually the calculation of vp and p is not necessary 
in determining the details of the path by means of 
the nomographs and charts to be given here. 


m. USB OF THE NOMOGRAPHS AND 
GBNBRAL TROCHOIDS 

The focal length of a trochotron is given by Eq. 
(2), which can be written in the more practical form 

6-6.51(Jl/£/iP)10^ cm, (4) 

where M is the mass of a singly charged ion in 
mass units» E is the electric field in volts per cm, 
and H is the magnetic field in gauss. Figure 3 is a 
nomograph for correlating the variables of Exj. (4). 
Any two straight lines that intersect the center 
index at the same point connect values of b, M, £, 
and H that satisfy (4). The center index is cali¬ 
brated in mass units i^r centimeter of b to indicate 
the “mass density” along the focal plane. The 
dotted lines show typical operating conditions for 
the 8.9-cm trochotron receiving mass 10, 

General trochoids, drawn by machine with dif¬ 
ferent values of p/a but the same b are reproduced 
in Fig. 4. It is intended that the starting point in 
this chart for given conditions be ascertained by 
the method to follow, tracing paper laid over the 
curves, and the proper trochoid sketched in, to 
give a scale drawing of the ion paths. Tb find the 
starting point, first find the ratio, <r, of the initial 
velocity, r, to the average velocity, Va, by means of 
the nomograph given in Fig. 5. The dotted lines 
are for typical operating conditions in the 8.9-cm 
trochotron.’Now using this value of and the given 
initial angle, construct the triangle shown in 
Fig. 6 with the vertical leg one unit long. The angle 
<f> will be the phase angle given in Fig. 4 and is de¬ 
termined the fraction of b that the translatory 
velocity has carried the center of the circle, and is 
equal to the angle of rotation of the rolling circle. 
The manner of measuring 0 in Fig. 6 has been ad¬ 
justed to correspond to the way the trochoids were 


Fig. 5. Nomograph for com¬ 
puting the ratio of the initial 
vdoaty to the average velocity. 
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constructed in Fig. 4. The side opposite $ in Fig. 6 
will be equal to p/a. Now the trochoid correspond¬ 
ing to this p/a can be located on Fig. 4, and its 
intersection with the proper ^ coordinate will de¬ 
termine the starting point at which the ion had the 
velocity v at an angle d. Other points on the path 
have the same p/a, but <r and B change as the p/a 
vector in Fig. 6 rotates clockwise. Sketch the curve 
in the direction of increasing up to ^ = 360®. 
Then move the tracing so that this end falls on the 
same p/a curve at ^ = 0® and complete the cycle. 



Fig. 6. Construction to 
allow the graphical evalu¬ 
ation of p/a and 


The y coordinate of the particle is equal to the y 
coordinate of the end of the p/a vector in the con¬ 
struction. The X coordinate of the particle is equal 
to the X coordinate of the end of the same vector 
plus (in radians). 

The validity of this construction is easily shown 
by dividing each side of the velocity triangle in 
Fig. 2 by Va-Ec/H. Lines of constant <r and lines 
of constant 6 could be superimposed on the general 
trochoids of Fig. 4 to eliminate the need of any 
construction; this method was tried, but the result 
was found to be crowded and confusing. 

The curves in Fig. 7 were traced according to 
the procedure outlined using initial conditions for 
the 8.9-cm trochotron. Curves 1, 2, and 3 are for 
the normal operating conditions indicated on the 
nomograph of Fig. 5 for an accelerating voltage of 
75 volts and entrance angles of 75®, 90®, and 105®, 


Fig. 7. Typical Ion paths in a trochotron sketched 
from the general trochoids in Fig. 4. 



respectively. Curves 4, 5, and 6 are for the same 
angles and mass but with an accelerating voltage 
of too volts. Curve 7 shows part of the path of an 
ion of twice the mass leaving the source normally 
at 75 volts when the electric field is one-half its 
value for the other curves. 

The general theorem of Bleakney® is, of course, 
applicable to the trochotron and indicates that for 
particles of different t/m to follow the same path, 
from source to collector tuning should be accom¬ 
plished by varying either the magnetic field or the 
initial velocity in proportion to the electric field. 
In the case of the trochotron, this latter possibility 
implies that with a fixed angle of entrance the ac¬ 
celerating voltage could be varied proportionally 
with the electric field to avoid changes in the path 
of the received ion. 

This document is based on work performed dur¬ 
ing 1947 under Contract No. W-7405-eng26 for the 
Atomic Energy Commision at the Carbide and Car¬ 
bon Chemicals Corporation, Oak Ridge, Tennessee, 
and was released for publication on July 19, 1948. 


• W. Bleakney, Am. Phys, Teacher 4, 23 (1936). 
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A Servo £mplo]rmg Oie Magnetic Fhiid Clutch 

E. S. Bettis and E. R. Mann 

NEPA Project, Fairchild Engine and Airplane Corporation, Oak Ridge, Tennessee 
(Received August 13. 1948) 

A simple servo unit is described. The device utilizes the electromagnetic fluid clutch developed by 
J. Rabinow of the National Bureau of Standards. Simplicity in design and construction, relatively 
high torque inertia ratio obtainable, and high power transmission capabilities appear to be the chief 
merits of such a servo system. Performance data on a prototype servo unit are submitted. 


INTRODUCTION 

ERVO-MECHANISM design is often a diffi¬ 
cult process. 1'he complexity of the process is 
increased when it becomes necessary to meet rigid 
specifications of performance and reliability. Hence, 
a laboratory not equipped to develop a servo sys¬ 
tem satisfying its unique application requirements 
must either adapt a commcrcialI>’ available unit, 
or rely upon servo development by a specially 
qualified organization. Excessive expense and lack 
of versatility are too frequently the results of these 
practices. 

Utilizing the principle of the electromagnetic 
fluid clutch (develoi>ed by Rabinow at the National 
Bureau of Standards),* a prototype positioning 
servo unit has been constructed in the C'ontrols and 
Instrumentation Section of the Air Force-Fairchild 
Engine and Airplane Corporation’s NEFA Project 
in Oak Ridge, Tennessee. With this assembly, the 
applicability of the clutch to use in a servo mecha¬ 
nism has been studied, and preliminary determina¬ 
tions of its torque, response, driving spee<l, reli¬ 
ability, and other pertinent characteristics have 
been made. 

In the electromagnetic fluid clutch, the air gap 
of a conventional magnetic coupling is replaced by 
a fluid having high magnetic susceptibility. Such a 
fluid is an oil base containing a suspension of fine 
particles of magnetic material, such as soft iron. 
The coupling effirienc>' of the dutch can thus be 



increased appreciably, and wide variations in trans¬ 
mitted torque can be obtained by means of a simple 
and continuous control. 

Exciting coils for the electromagnet can be ar¬ 
ranged in parallel to provide a low inductance elec¬ 
trical circuit. As a result, the exciting current can 
be varied quickly, producing a rapid response to a 
command signal. 

The possibility of applying this clutch to the 
solution of a servo problem is apparent. Simplicity 
of design and construction is one of its more prac¬ 
tical advantages. In an operational sense, propor¬ 
tional power transmission control is possible with a 
relatively weak signal, and the system possesses in¬ 
herent charactoristics of high torque-inertia ratios, 
which offer short time responses. Advantage may 
therefore be taken of the system’s momentum, to 
su])ply the peak power necessary for the rapid 
motion of large masses. 

The prototype servo assembly noted above in¬ 
corporates the simplest form of magnetic clutch 
mechanism. Clutch faces, consisting of cold-rolled 
steel disks, are arranged in such a manner that the 
surrounding fluid is energized by a single exciting 
coil. The fluid in current use is comprised of GAF 
carbonyl iron i)owder ’’/i” suspended in light oil in 
proportions of three units of iron to one of oil by 
weight. Construction details of the clutch are shown 
in Fig. 1. 

Control of the torque transmitted through the 
clutch is obtained by varying the exciting current 
in the coil, thereby changing, in a corresponding 
manner, the intensity of magnetization of the iron 
particles suspended in the fluid. Since these par¬ 
ticles do not have the property of permanent mag- 
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netism, the only torque transmitted between the 
clutch faces in the de-energized state is that caused 
by viscous drag in the fluid. 

To provide forward and reverse motion, two 
contra-rotating clutch systems, with an inter¬ 
mediate power take-off, are utilized. Thus the direc¬ 
tion and degree of motion may be chosen by ener¬ 
gizing the corresponding clutch. The driven clutch 
faces are mechanically interconnected, with the 
result that the viscous drag of each balances that 
of the other. Motive power is provided by two 
quarter-horsepower electrical motors. An alternate 
arrangement might incorporate reverse gearing 
with a single motor. 

A small d.c. derivative generator, connected to 
the output linkage, provides adequate damping of 
the system; accurate setting of the critical damping 
is accomplished by varying the generator output. 

THEORY AND DESCRIPTION OF 
EXPERIMENTAL UNIT 

A block diagram of the servo system is shown in 
Fig. 2. The operation of the servo as indicated by 
the block diagram is quite straightforward. The 
input to the d.c. amplifier consists of the sum of 
three voltages: (i) a voltage proportional to 0u the 
angular displacement of potentiometer Pi; (ii) a 
voltage proportional to the angular displacement 
of Pj; (iii) a fractional part of the voltage fi{dB/dt) 
determined by the setting of potentiometer Pj, 
where ^ is the e.m.f. of the generator produced by 
an angular velocity of one radian per second. When 
the sum of these voltages is of the order of one 
volt with respect to ground, the amplifier output 
voltages Eo\ and E 02 are equal to zero, and the 
servo is at rest position. 

As shown on the diagram, potentiometer P« is 
connected to the servo-mechanical output, while 
Pi can be rotated in any desired manner to intro¬ 


duce a displacement request signal to the system. 
The potentiometer P» is set to provide proper damp¬ 
ing of the system from an equilibrium point. 

If Pi is rotated, the input voltage to the d.c. 
amplifier produces a signal at either Eot or Eot, 
depending on its direction of rotation. This signal 
energizes one of the clutches, so that a change in 
the servo-mechanical output occurs. This change, 
by reason of the directly coupled potentiometer 
Pa, causes the voltage proportional to B to com¬ 
pensate for the initial signal at Pi, and a new equi¬ 
librium point for the system is reached. The voltage 
filde/dt) operates in the usual manner of a deriva¬ 
tive signal, providing the equivalent of an an¬ 
ticipatory balance voltage proportional to the rate 
of change of the servo displacement, thereby pre¬ 
venting servo overshoot. 

The connection “P* between the amplifier and 
the input circuit represents degenerative feedback 
for stabilizing the high gain d.c. amplifier. The 
schematic of the amplifier is shown in Fig. 3. The 
amplifier is extremely stable, and has caused no 
trouble in the numerous applications in which it 
has been used. The gain, without degeneration, is 
1200. For the servo application this is degenerated 
to approximately 300, which provides ample sensi¬ 
tivity for the purpose. 

The output of the d.c. amplifier is fed into 6AS7 
tubes connected as cathode followers as shown in 
the sc:hematic of the circuit. The bias on the fol¬ 
lowers places their operation on the linear portion 
of the characteristic curve. In the set-up used, each 
clutch has an overlap in exciting current, as the 
balance point of the amplifier energizes each with 
about 100 milliamperes. The linearity obtained by 
operating the 6AS7 tubes at this point is better 
than that experienced when higher bias with re¬ 
sulting lower clutch current is used. 

The exciting coils for the clutches are scramble 
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wound of No. 34 Formvar wire and have a d.r. 
resistance of 170 ohms. The inductance of the coils 
measured on a bridge at 1000 cycles is 0.13 henrys. 
These values do not necessarily represent optimum 
points. They are given only to indicate the design 
characteristics of the prototyiJe servo. 

The voltage impressed across the exciting coils 
ranges between zero and 75 volts as the input signal 
is changed. With an exciting current of the order 
of 500 mils, maximum torque is transmitted from 
the motor through the excited clutch. For values 
of exciting current between zero and 500 mils, the 
transmitt^ torque is proportional to the magni¬ 
tude of the exciting current. 

The differential equation for a damped servo 
system of the above type is 

y = 0, (1) 

where /■■moment of inertia, — angular dis¬ 
placement error, d,-requested angular position, 
K ■■gain of amplifier and clutch (in torque per unit 
angular displacement), and /3-«e.m.f. in volts of 
derivative generator produced by angular velocity 
of one radian per second. 

If a sinusoidal voltage is used as a request signal, 
then 

9,"<0msinwL (2) 

where amplitude, w—angular frequency, and 
the differential equation (1) becomes 

/(<M/dI*)+iC^(dfl/d/)+Afl- sin«/. (3) 
The Kdution of this equation for 9 is 

ain(«I-a)/CA»/J*«*+(A-/«*)‘]‘, (4) 
whqre a is the phase lag between 9 and fl,. 


DISCUSSION OF PERFORMANCE 

In Eq. (4) the factors K, 0, and J represent servo 
parameters. These parameters were determined by 
rather indirect means, primarily because the mo¬ 
ment of inertia, 7, of the system was not known, and 



Fig. 5. 





100 


E. S. BETTIS AND E. R. MANN 



Fig. 6. 


because the exact natural resonant frequency could 
not be determined directly. The frequency re¬ 
sponse, determined experimentally by driving the 
servo with an audio oscillator, gave the solid curve 
shown in Fig. 4. Here the peak amplitude docs not 
occur at the exact undamped resonant frequency, 
but is shifted slightly below the resonance point. 
The magnitude of this shift is a function of the 
damping. 

In the above equation, if it is assumed that dm 
is unity, the amplitude of d can be expressed as a 
function of w such that 

/(o)) - + (5) 

where a)o-= resonant angular frequency of 
the system. 

In Fig. 4, the dotted curve is a plot of /(w) as a 
function of frequency for a hypothetical servo of 
identical type having the values (i.e., 1 

millivolt) and wo = f 82.1, or/o =* 29 cycles per second. 

The close agreement between the two curves in 
Fig. 4 indicates that the parameters of the actual 
and hypothetical systems are for all practical 
purposes the same. Therefore, this value of /o = 29 
cycles per second was taken as the undamped 
natural frequency of the actual system. 

For the conditions jS — O and wo= 182.1, the de¬ 
nominator of Eq. (4) vanishes, and the quotient 
33,160. Either K or J must be deter¬ 
mined in order to evaluate the desired parameters. 

Figure 5 is a plot of torque (in dyne centimeters) 
versus angular displacement of the input signal 
potentiometer (in radians) for the servo system. 
Data for this curve were obtained by clamping a 
lever arm on the servo output shaft, and connecting 
a spring balance to this lever arm in such a way as 
to measure the stalled torque of the system. The 
input signal was introduced by rotating the input 
potentiometer in incremental steps and taking the 
resultant torque for each angular step of potenti¬ 
ometer rotation. 

This curve is seen to be linear for values of torque 
output from zero to about 12X10® dyne-centi¬ 
meters. Beyond this value, saturation of the ampli¬ 
fier output followers occurs, and the relationship 
becomes non-linear. Over the linear range, the slope 
of this curve gives the over-all gain of the system, K, 
This slope is determined (from the curve) to be 


7.6X10^ dyne-cm per radian. Substituting in the 
equation AV/ = 33,160 gives a value of J = 2300 
g-cm^. 

The frequency response oscillogram (Fig. 6) is 
self-explanatory. The bottom trace is a twenty- 
cycle timing wave, the middle trace is the sinus¬ 
oidal input signal to the servo, and the top trace is 
the servo response. The input signal frequency was 
increased approximately uniformly by manually 
turning the frequency dial of the input signal 
generator. * 

Figure 7 is an oscillogram of the response of the 
system to a step request. A toggle switch was used 
to introduce a voltage step which demanded a 
rotation of 120® of the output shaft. The timing 
wave in this oscillogram had a frequency of 100 
cycles per second. 

CONCLUSIONS 

Data obtained to date with the magnetic servo 
described above cannot be accepted as optimum for 
a family of such assemblies, yet they indicate the 
high degree of applicability of the magnetic clutch 
to servo use. In comparison to commercially avail¬ 
able units, the magnetic servo offers relatively 
short response times. Perhaps the most important 
practical feature of the magnetic servo is its com¬ 
parative simplicity of design and construction. This 
places servo development well within the reach of 
the average iaborator>^ using readily available 
tools in the hands of shop technicians. 

One undesirable feature of the current magnetic 
clutch servo assembly has become apparent during 
experimentation. Because of the abrasive property 
of the iron-oil mixture, and resultant wear on bear¬ 
ing and sealing surfaces, some difficulty has been 
experienced in retaining the fluid with conventional 



Fig. 7. 



NOTE ON ANALOG COMPUTER DESIGN 


101 


oil seals. Although preliminary experimentation 
has indicated that this effect is slight, its signifi' 
cance can be more rigorously determined during 
life tests of the assembly. This feature, if significant, 
may be eliminated through the use of improved 
seals or varied clutch geometry. Investigation of 


the problem of oil leakage is being continued, and 
various seals are being given extensive life tests. 

The authors are indebted to Mr. G. R. Nelson, 
Mr. Lyle Martin, Mr. E. E. St. John, and Mr. J. 
B. Ruble of NEPA Project for development work 
on the prototype unit. 
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A Note on Analog Computer Design 

J. A. Bronzo and H. G. Cohen 
Brown University, Providence, Rhode Island 
September 10, 1948 

A method is proposed for the simplification of computers designe<l to solve certain types of partial 
differential equations. The equations are those in which the spatial derivatives may l>e replaced by 
finite difference expressions. The resulting difference—differential equations are reformulated as a 
system of linear simultaneous equations by making use of Laplace transforms and matrix notation 
is introduced. By applying a similarity transformation to the matrix a new system is obtained which 
lends itself more readily to the construction of an analog. As an example, the analog of the equation 
of the vibrating string with fixed ends is discussed. 


'^I^HE electrical analog computer method for 
A solving problems involving linear simultane¬ 
ous algebraic or ordinary differential equations has 
received some attention in recent scientific and 
engineering publications.^ This method is appli¬ 
cable also to linear partial differential equations 
since they may always be approximated by dif¬ 
ference-differential equations. 

The authors have been concerned with the de¬ 
velopment of an electrical analog computer to 
solve certain linear partial differential equations 
subject to special boundary conditions. The formu¬ 
lation is reduced to a linear difference-differential 
equation, after replacing the spatial derivatives by 
their finite difference equivalents. Operational units 
are then assembled in a manner dictated by the 
given equation. The differentiations and integra¬ 
tions with respect to time required are performed 
continuously by electronic differentiating or inte¬ 
grating amplifiers. Initial conditions are set in each 
element as proportional electrical quantities before 
the computing begins. Now it may happen that 
the analog will be somewhat simplified if a change 
of variables is made in the difference-differential 
equation before constructing the analog. If this 
new equation is then solved by analog methods, the 
solution of the original problem is known from the 
equation giving the new variable in terms of the 
old. Thus the analog yields not the solution directly 
but something bearing a known relation to it. A. 

^ RagRRsini, Randall, and Russell, '^Analysis of problems in 
^nantics by electronic circuits/’ Proc, 1. R. E. 35.444 (1947): 
G. A. Korn, “Elements of dx. analog computers,” Electronics, 
lit m (194S), 


group of such transformations w^hich will take a 
system desttribed by a matrix equation with certain 
characteristic roots into another system with these 
same roots is the *‘similarity” transformation.* 

Let us consider the solution of 

dy d*y d^y 

— )ra2 —I- Van —. (i) 

dt dP df" 

where F is a linear function. This can be written 
in the form 

F{yyy\-^^y-^)^L{p)y+K{p) ( 2 ) 

by making use of Laplace transforms. Initial con¬ 
ditions are absorbed in K{p). After replacing 
y", etc. by their finite difference equivalents we 
have a system of equations which can be written in 
matrix form as 

[.4.,] K,-/.(/») F,+A’,(/>). (3) 

where C>lo] is composed solely of numbers. This 
might also have been written as one difference- 
differential equation. We call the analog for this 
system A\. 

Let us now apply to a similarity trans¬ 

formation in the following manner. Between 
and Yj we can insert without altering 

the equality. We next premultiply both sides of 
the equation by The only restriction we 

need make on the matrix is that it be non- 


* C. C. MacDuffee, Theory qf Matrices (Chelsea Publishing 
Company, New York, 1946), p, 69, 
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singular. Then, letting 

= (4) 

[(?,,]-* Fy=P„ (5) 

we have 

[5,Jfy = L(/>)r>+^y(/?). (6) 

If (3) gives rise to a stable solution, i.e., if the roots 

of the characteristic equation in the transform vari¬ 
able p do not He in the right-half ^-plane, then (6) 
is also stable, by the nature of the transformation. 
Consider the analog of this new system of equa¬ 
tions, calling it A It may happen that i42 is more 
economically realized or easier to construct than A i. 
To get the answer to the original problem, however, 
requires premultiplication of F> by [Q*>3* For a 
particular may happen that this additional 

premultiplication is of a fairly simple nature, while 
the analog A it is preferred over Ai for reasons of 
economy. 

It might be pointed out that the transformed 
mathematical formulation may not appear to have 
any physical significance, but this need not affect 
the feasibility of building an analog for it. 

Example: We shall consider the case where the 
difference-differential expression is of the form (the 
classical vibrating string problem) 

i«l,2,*--n (7) 

and the boundary conditions A^«»0. Taking 

Laplace transforms, 

The stability of this analog may now be deter¬ 
mined by investigating the eigenvalues of this set 
of equations.* In this case we are assured that the 
system is stable since it describes the particle- 
loaded string.* Note that on the left hand side of 

* It has been demonstrated by Professor J- A. Krumhans! of 
Brown University that the solution of the difference-differen¬ 
tial equation always converges to the solution of the partial 
differential equation it approximates. 

^Slater and Frank, Iniroducium to Theoretical Physics, 
(McGraw-Hill Book Company, Inc., New York, 1933) p. 128. 


the equation quantities appear with both alge¬ 
braic signs. An extra component will be required, 
in general, to change sign. Therefore it may be ad- 
vantangeous to build an analog, not of Eq. (7), but 
rather of the following equation 

^pxm+idm/dth ( 9 ) 

This equation may be obtained by transforming 
the original matrix in the following manner: 




■ 1 , 0 , 0 ,-- 



0 . - 1 , 0 , - - 

0 , 1 , 2 +*/)*, 1 , 0 , -• 

ass 

0 , 0 , + 1 , 0 , • 



0 . 0 , 0 , - 1 , • •• 

- 


. 


•2+*/)». -1,0, •• 
-1,2+*/)*, -hO, - 


ri.o.o,-- 
0, -l.o, -- 

0, -1,2+*/)*, -1,0, -- 


0, 0, +1,0, - -- 



0, 0. 0, -1,0, - 


where is now merely 


rLo,o,*.- 

0, -1,0,- .. 

0 , 0 , 1 , 0 ,^'* 

This corresponds to a desired change in the 
analog since a sign change is removed. The actual 
physical change corresponding to [Qij"] may be as 
simple as a polarity inversion created by adding or 
removing a stage of amplification. Since the analog 
solves for Xy, Xj must be found from the relationship 

Although a group qf acceptable transformations 
has been found, the particular one used in any 
given analog will depend on the economy it intro¬ 
duces and upon its mathematical complexity. This 
may call upon more than a little ingenuity on the 
part of the designer in finding the optimum rela¬ 
tionship between an economical analog and an 
easily interpreted transformation. 
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Exposure Meter for Precision Light Dosage 

Herbert F. Laitner* 

National Bureau of Standards^ Washington, D. C 
(Received September 9, 1948) 


The exposure meter is an electronic device of the type in 
which a photo-tube charges a capacitor to the firing voltage 
of a trigger tube, whose pulse is amplthed by a thyratron. The 
device has been adapted to high intensity sources and is used 
for the regulation of carbon arc light dosage in the standardiza¬ 
tion of light-sensitive paper at the National Bureau of Stand¬ 
ards. The device, including a modification for automatic ex¬ 
tinction of the source when the desired light dosage is ob¬ 
tained, is described, and is shown to be capable of very high 
reproducibility. Two instruments simultaneously viewing a 
gradually aging monochromatic source gave count values 
whose ratios showed a coefficient of variation of 0.32 percent 
in two weeks of continuous measurement. One instrument, 
viewing a controlled tungsten lamp, showed a coefficient of 


vanation of 0.18 percent in counts per watt hour over a 
period of nine days, after which the values changed—the 
result, presumably, of changes in the lamp. 

The instrument was tested for suitability of application by 
comparing counts with reflectance changes of light-sensitive 
paper under arc exposure. The results showed that the instru¬ 
ment could control light dosage adequately in spite of large 
changes in arc voltage, glass filters, and time of exposure. 

The instrument was used to test the variability of the uranyl 
oxalate actinometer, frequently used in photo-chemical work, 
by simultaneous exposure to a carbon arc. It was found that 
the actinometer was capable of higher precision than previous 
investigators had found, in that the coefficient of variation 
was 1.4 percent, less than } as large as formerly believed. 


I. INTRODUCTION 

I ^HE technique of precision light dosage ap- 

^ pears to be a relatively unexplored field. It 
involves a device which totals the light, or more 
strictly, radiant energy, during an ex{x>sure, and 
allows the exposure to be promptly terminated, 
manually or automatically, when the desired quan¬ 
tity has been received. 

The need for such a device arose in connection 
with the development and production, at the Na¬ 
tional Bureau of Standards, of light-sensitive 
papers,* used as controls for industrial testing arcs 
and for technological and scientific research. A 
carbon arc is employed as a master lamp to pro¬ 
duce secondary comparison standards from the 
papers by exposure to standard light doses. This 
arc changes, principally because of small variations 
in controlled voltage, in cored carbon electrodes, 
and in the glass filter for excluding the far ultra¬ 
violet. For precision light dosage, a totaling de¬ 
vice, usable over extended periods of time and re¬ 
sponding only to the effective portion of the spec¬ 
trum (near ultraviolet and visible violet blue) of 
the arc, was required. 

Approximate totaling of light is frequently ac¬ 
complished in photo-chemistry by obtaining the 
product of time X power, assuming constant be¬ 
havior of the light source between the isolated 
radiometric measurements. This simple procedure 
usually meets photo-chemical needs, and can be 
conriderably improved by continuous radiometric 
measurement using a recorder but, if applied to a 
carben arc, is still incapable of giving immediate, 


* Now at Western Regbnal Research Laboratory, Depar^ 
meat ol Agricultare, Al&ny, California. 

[Herbert F. Laonea J* Research Nat Bur. of Stand. 41. 
169 (19W). RF19I6. 


precise values because of the necessity of integrating 
areas under the erratic power curves. 

The ordinary type of thermopile is difficult to 
correct for the infra-red. The differential thermo¬ 
couple, developed by Coblentz, Stair, and Hogue,* 
can be corrected to a considerable extent, and a 
differential thermopile with automatic filter changer 
was constructed for use with a recorder, but the 
arrangement was found to lack the required degree 
of precision. 

Certain types of photo-tubes are spectrally 
suitable but are not constant when operated at 
a level sufficient to drive the most sensitive re¬ 
cording microammeters available at present, 0 to 
10 microamperes, which, furthermore, are not pre¬ 
cision instruments. 

Another method of totaling light depends upon 
photo-chemical changes of pure substances or of 
standardized materials. Among the former, the 
uranyl oxalate actinometer, in which the photo- 
chemically decomposed oxalic acid is determined 
by titration with permanganate, has received the 
most intensive study as a laboratory device by 
Bilchi,* Leighton and Forbes/ Forbes and Heidt/ 
Brackett and Forbes/ and for industrial applica¬ 
tions by Werkenthin and associates.’^ 

Although this actinometer is superior, for relative 
studies, to intermittent radiometric measurement, 


*W. W. Coblentz, R. Stair, and J. M. Hogue, J, Research 
Nat. Bur. of Stand. 7, 723 (1931), RP370. 

• Paul F. Btichi, Zeita. Physik. Chemie 111, 269 (1924). 
♦W. G. Leighton and G. S. Forbes, J. Am. Chem. Soc. 52, 

3139 (1930). 

• G. S. Forbes and L. J. Heidt, J. Am. Chem. Soc. 56, 2363 
(1934). 

• F. P. Brackett, Jr., and G. S, Forbes, J. Am. Chem. Soc. 
55 4459 (1933). 

A. Werkendiin, David Richardson, R. F. Thomley, 
and R. E. Morris, India Rubber World 105, No. 2 (Nov, 1, 
1941). See also Federal Specification ZZ-R-601a. 
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experimental evidence** establishing its precision 
as adequate for the present application is lacking; 
it is, furthermore, ill adapted for giving an im¬ 
mediate running indication of light totals. 

In the class of standardized materials, the light- 
sensitive paper^ previously discussed has found 
application as a relative light-totaling control 
without fixed standards, and is able to give a fairly 
prompt running indication, but it is not normally 
intended for high precision use. 

For precise, immediate indication, electronic de¬ 
vices appear the most promising, rhe fundamental 
basis for one such device is a photo-tube which 
charges a capacitor to the firing voltage of a “trig¬ 
ger’* tube, the pulse of which is amplified to operate 
an electromagnetic counter. Each count then repre¬ 
sents a definite quantity of light, and the total 
count shows the total light received. Instruments of 
this type have been developed by Rentschler* and 
Kuper, Brackett, and Eicher,® among others. The 
latter estimated a precision of 1 to 2 percent for 
their instrument under laboratory conditions. 
Several commercial models of this type are avail¬ 
able for photographic and similar purposes. 

Another type of device recently developed by 
Gilbert^*^ totals electric current over time intervals 
by utilizing the time period of a galvanometer 
relay actuating an electromagnetic counter. If the 
source of current is a barrier layer cell or thermo¬ 
couple, light can be totaled in this way. 

Douglas^^ has developed a device for use in 
atmospheric transmlssometry, employing a circuit 
particularly promising for precision application. 
Several instruments of this type were constructed 
with the modifications required by the relatively 
intense arc to which they apply. In this form no 
data for precision or reproducibility were available. 

The purpose of this paper is to describe the in¬ 
strument used at the Bureau for predetermined 
light dosage of light-sensitive papers and to show 
its suitability for the purpose. 


n. DESCRIPTIOR OF THE INSTRUMENT 


The Douglas^^ transmissometer and instruments 
of like type were specifically designed for measure¬ 
ments at extremely low intensities, and a/e thus 
much too sensitive for the relatively enormous 
intensities involved in the present application. The 
radiant power, 1080 watts, of the arc to be con¬ 
trolled, is far higher than can be tolerated for reli¬ 
able performance of photo-tubes, directly exposed, 
except at impractical distances. For example, using 


*• See Section VI of this article. 

576 a9S0). 

Rev^ Richer, 

u 328 (t947). 

C. A. Douglan, Electronics 20, 106 (1947). 


the unmodified transmissometer, the counting rate 
would be some 20.000 times too high. The optical 
and electrical changes, along with other features, 
necessary to adapt the instrument for the present 
purpose, are described in the following. 

A. Optical 

The light-sensitive paper, during standardiza¬ 
tion, is mounted at 25 cm from the arc on a drum 
rotating horizontally at 1 r.p.m. A position on this 
drum is a logical place for a receiver, which thus 
scans the arc from all angles and eliminates effects 
of arc asymmetry. At this distance the radiant in¬ 
tensity must be decreastid some 400-fold to keep 
the photo-tube current below one microampere, 
even when allowing for a blue filter. The device 
for achieving this must be quantitatively unaffected 
by long exposures to intense light, at temperatures 
above 60®C in the presence of water vapor, and 
should preferably be si>ectraUy non-selective from 
300 to 490 millimicrons. 

The use of metal screens is not practical because 
of their high transmissions, usually over 30 per¬ 
cent. Recently, Banning^® has described the use 
of films of evaporated Chromel A, and has shown 
them to be almost non-selective in the visible. 
Although no data on stability are available, such 
films appear promising for applications of the pres¬ 
ent nature. 

A simple and satisfactory reduction of intensity 
was obtained by using the first reflection of polished 
glass. Reflection from the second surface was 
eliminated by choosing a red glass of low trans¬ 
mission, <0.05 percent, for the wave band of 
interest. Since the reflectivity of one piece of glass 
is near 0.05, far too great for the purpose, two 
pieces were used at 90® from each other. The ar¬ 
rangement is indicated in Fig. 1, showing the re¬ 
ceiver R mounted on drum Z>, which rotates around 
the arc. The photo-tube is inside the case near the 
“R,” facing away from the arc. It views, through 
a Corning polished filter 5850, the lower piece of 
the 90® red glass double reflector, which in turn 
receives its image of the arc from the upper red 
glass. A piece of ultraviolet transmissive glass, 
Corning 791, keeps dust from the reflectors. The 
fraction of the incident beam coming from the 
double reflector varies somewhat with the re¬ 
fractive index of the red glass from 0.00258 at 
303 millimicrons (calculated from the Fresnel ex- 
pression^^ taking the angle of incidence at 45®) to 
0.00224 at 486 millimicrons, thus producing a small 
spectral distortion in favor of the shorter wave¬ 
lengths. 

After passing through a Corex-D glass filter, the 
portion of the arc spectrum usually effective for 

“ Mary Banning, J. Opt, Soc. Am. S7, 686 (1947). 
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testing materials extends roughly from 290 to 490 
millimicronSi with the principal maximum near 
388 millimicrons. This region lies within the sensi¬ 
tivity range of the RCA 929 photo-tube, which— 
corrected with the 5850 filter—extends from 300 to 
490 millimicrons with a median maximum near 
385 millimicrons.*'*'* 

B.-Electrical 

The circuit is shown in Tig. 2. It was developed 
by Douglas for this type of application and is con¬ 
siderably simpler than his circuit for the trans- 
missometer,“ notable differences being the use of 
the cold-cathode trigger tube**** instead of the 
neon tube and the UvSe of the thyratron-operated 
electromagnetic counter without previous signal 
inversion. 

The size of the silver-mica totaling capacitor, 
determines the counting rate inversely, and w^as 
made as large as physically convenient in order to 
obtain a desirable counting rate. As used, Ci was 
10^ to 10* times larger than usual, and thus intro¬ 
duced uncertainty concerning the ability of the 
trigger tube to handle the unusually large discharge. 

The exposure meter consists of a shielded, 
grounded receiver connected by a shielded cable 
to an amplifier counter. It is imperative that the 
com[x>nents of the receiver be close together, con¬ 
nected by air-insulated conductors, to reduce the 
leakage that is usually too high in even the best of 
insulated cable. It is, therefore, not |x;rmissible, 
although it would often be very convenient, to 
separate the photo-tube from the trigger tube. 
Beyond the trigger tube, the effect of leakage 
becomes negligible. 

C. Mechanical 

(i) Slip Ring Connection for Receiver 

The rotation of the receiver around the arc 
necessitated sliding electrical contacts. This was 
done by means of a polystyrene-mounted copper 
slip ring, 5, and a copper graphite brush, S, shown 
in Fig. 1. The other side of the receiver circuit was 
grounded to the rotating drum, which was, in turn, 
grounded through a steel spring contact (not 

*** The photo-tube-filter combination has a very small 
ree^nse to red and infra-red. This was determined by inter¬ 
posing a piece of Corning 2404 glass, which transmits only 
red and mfra-red, between the receiver and the arc. No 
pulses were recorded in the time interval normally giving 
600 pulses. The same experiment was repeated with a tungsten 
incandescent lamp, arranged to provide wme threefold higher 
mfm-red intensity, under which conditions 1 pulse was re¬ 
corded through the red glass compared to 600 without 
_****The trigger tube, known as the WL-7S9 Glow Relay. 
Tube, was pui^sed from the Westinghousc Co,, Bloomfield, 

N. J. as being specially selected for constancy of performance 
oyer the anode voltage range 245 to 270 volts. Its character- 
^<(tics have been studied by W, B, Nottingham, Rev. Sci, 
Inet 11, 2 (1940). 


shown). Good contacts are necessary since any 
interruption in the circuit gives rise to spurious 
pulses. This arrangement has been functioning 
satisfactorily for two years. 

(2) Thermostating of Receiver 

Since the temperature within the receiver 
hovered near S0®C, the maximum permissible for 
the photo- and trigger tubes, cooling was necessary. 
Since, furthermore, the photo-tube output varies 
0.3 percent per positive control is necessary. 
The receiver frame was, therefore, provided with a 
water jacket and fed from an annular trough (not 
shown) mounted on top of the rotating drum, 
which received water maintained at a constant 
temperature. Thus, constant liquid contact was 
provided, and the temperature was controlled to 
within O.S^C. 

m. PREDETERMINED COUNTER 

It was desirable to provide for the automatic 
extinction of the arc when the desired light dosage 
had been received. Devices for this purpose are 
commercially available but are very costly, usually 
require more power than simple counters, and some 
of them do not indicate the current light dosage. 

By a few simple modifications of the electro¬ 
magnetic counterf used in this work, the counter 
itself was made to extinguish the arc at any de¬ 
sired count. When all of the digit wheels indicate 



Fig. 1. Exposure meter. Receiver R is mounted on rotating 
sample drum D, thus scanning arc at 1 r.p.m. Pulses reach 
amplifier through slip ring S and brush J5. 


t Wizard counter, model EC-7 made by Production In¬ 
strument Company, Chicago, Illinois. 
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Fro. 2. Circuit diagram of exposure meter. C\ is the total¬ 
ing capacitor (must oe silver-mica type) who^ size deter¬ 
mines the counting rate. For the present application it was 
0.025Mf. 'Fhe two 5K and the SOK resistors are rated at 10 
watts. The current through the VR tubes is adjusted to 20 
m.a. The counter is a Wizard model EC-7, rated at 115 v d.c., 
made by Production Instrument Company, Chicago, Illi¬ 
nois. Other counters of similar load characteristics will answer 
the purpose, but may require some changes in circuit constants. 
A i-watt neon lamp (not shown) is in parallel with the counter 
and its 5K resistor, thus furnishing a visual indication of each 
pulse. A switch in series with the counter has also been found 
very convenient. The 2-fd capacitors are of the type Cornell 
Dubilier TLA6020. Power transformer and 10-henr>' choke are 
Halldorson L66 and B4-839 onxlucts. Any 0.4-henry choke 
will suffice, and often a l(X)-onm resistor may be substituted. 


is secured by setting up the complenaent, minus 
one, of the desired number. For continued use it 
was desirable to cover the digits with bandage 
tape, stamping numbers in the reverse order there¬ 
on. It is thus a simple matter to turn up the de¬ 
sired number on the wheels. In operation, the 
counter uncounts, showing, at any time, the counts 
still needed to reach zero, whereupon one more 
count extinguishes the arc. In the present applica¬ 
tion this was done by breaking the holding coil 
circuit of a manual reset switch. The counter in its 
present form requires appreciably no more power 
than normally and is interchangeable with the con¬ 
ventional type, 

nr. VARIABILITY OF THB EXPOSURE METER 

The variability of the instrument may be ex¬ 
pressed as the variation in counts for a given 
quantity of light received. 

No high precision reference method of measuring 
and totaling light quantities was available, but 
variability may be determined with a constant 
tungsten incandescent lamp, measuring time or 
electrical enei^ input versus counter values. An 
entirely different method of determining varia¬ 
bility consists of two instruments viewing the 
same monochromatic light source, which need not 
be constant in output. The results using these two 
methods are described in the following. 

A. Test with Controlled Light Source 

A tungsten incandescent lamp, in an arrangement 
described in footnote (a), Table I, was used as light 
source in combination with a blue glass filter, 
Corning 5850. 


nines, one more count moves all wheels to zero 
simultaneously. By placing a lifting cam on the 
extreme left wheel a small switch was made to 
operate on the last count. The cam consisted of a 
thin finishing nail with a rounded polished head, 
and the switch was made of two 8-mil phosphor 
bronze spring strips, 4X30 mm, mounted on 
Bakelite. This switch has been handling its load of 
40-ma a.c. satisfactorily. 

In the commercial counter the digit-wheel shaft 
is notched for the width of all the wheels, so that 
the latter may be simultaneously, but not singly, 
turned to zero. This shaft was replaced by one 
longer, with a notch the width of only one wheel 
at 1|" from the left end. By sliding this shaft 
laterally, each wheel may be turned separately to 
set up any desired number. To eliminate gropii^, 
the left end of the shaft indicates the position of 
the notch on a marked glass tube placed over the 
protruding end of the shaft to exclude dust, 
Operation of the switch on the desired number 


Table L Test of exposure meter with a constant light source.* 


Mean*> power input* 
to lamp 
watts 

Mean** counts 
per watt hr. 

Mean^ counts 
per mlnutrO 

507.5 

6.052 

51.20 

508.8 

6.042 

51.24 

508.9 

6.044 

51,27 

508.2 

6.043 

51.18 

508.4 

6.031 

51.10 

508.0 

6.044 

51.17 

507.9 

6.062 

51.32 

508.3 

6.062 

51.36 

508.1 

6.062 

51,33 

508.8 

6.010 

50.96 


* The light louroe was a 500-watt, 115-volt tungeten incandeecent airport 
beacon tai^ operated at 110 volu from a SOo-watt Raytheon voltage 
•tabillaer. To avoid a conventional locket. the prefoCus taue of the lamp 
was iecm;^ly aoldered into a brae* tub^ itadf rig^ly mounted with reh>act 
to the receiver at a distance of 62 cm. The lead* to the lamp termtnale ware 
ioldered. The equipment wa* houeed in a temperature- and humidity- 
controlled room, with due precautions to avoid stray tight. During dm 
periods the etabltiser was kept at equilibrittm operating oondiUoni wkh a 
dummy lamp of equal rating. The aouroe was (tiways burned at toast | hr. 
be fo r e measurementa. 

s Bach of the ten valttei Is the mean of ten hidlvidiial runs. These lOS 
I lasted ten^deyt. ^ 
leatcttbuedf 


_ Power jntwtwasjmtciitoted from en^b^nttmeaeuiod with a 
G.E. standard gatt-hour meter, mxM IBIO to ^ neerest Snt n^hopr. 

< Time was tm^tad with a itopsmteh to the wwreat 0.3 eec. eg* 
pertmtnts leeted 10 to ^ nduntee 
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Ten continuous series of ten experiments each 
were performed with a dark period, either overnight 
or ten minutes, between each series. The quantities 
measured were counts, time, and energy input to 
the lamp in watt hours, noting lamp voltage once 
each experiment, which lasted from 19 to 26 min¬ 
utes, to give 1000 to 1400 counts. From these quan¬ 
tities were calculated the watts, the counts/watt 
hr., and counts/min. 

The means of each series of ten exjK'riments are 
given in Table I. The first nine mean values for 


Table II. Variability of exposure meters from simultaneous 
performance of two instnjments.* 


Running 

hr. 

Time** 

periodH 

hr. 

CountH 

1 i 

KutinM of 
countH 

Count*** 
per hr. 

39.8 

39.8 

17020 

8703 

1.9556 

428 

43.8 

4.0 

1671 

856 

1.9521 

418 

46.9 

3.1 

1316 

674 

1.9525 

425 

72.0 

25.1 

10243 

5250 

1.9510 

408 

in.o 

39.0 

15171 

7785 

1.9488 

389 

115.0 

4.0 

1479 

760 

1.9460 

370 

129.1 

14.1 

5009 

2587 

1.9362 

355 

133.1 

4.0 

1417 

730 

1.9411 

354 

139.1 

6.0 

2139 

1100 

1.9445 

356 

153.1 

14.0 

4943 

2529 

1.9545 

353 

158.1 

5.0 

1703 

870 

1.9575 

341 

164.6 

6.5 

2209 

1129 

1.9566 

340 

177.8 

13,2 

4432 

2264 

1.9576 

336 

182.8 

5.0 

1644 

841 

1.9548 

329 

185.8 

3.0 

975 

501 

1.9461 

325 

200.0 

14.2 

4654 

2393 

1,9448 

328 

204.0 

4.0 

1314 

675 

1.9467 

328 

208.1 

4.1 

1333 

681 

1.9574 

325 

223.6 

15.5 

4972 

2550 

1.9498 

321 

228.7 

5.1 

1646 

843 

1.9526 

323 

232.8 

4.1 

1292 

660 

1,9576 

315 

271.4 

38.6 11823 6089 1 9417 

Mean of ratios: 1.9502. 

Coefficient of variation: 0.32 ijcrcent. 

307 


• Two reoeivers werr rigidly mounted, as closi* together as possible, at 
175 cm from a 40S-waU, type H-1, mercury vapor lamp, altw firmly mounted 
on the same sonpatone slab. A Hghi*tight ventilated box over the lamp 
prevented stray fight. All but the middle 76*mm portion of the arc was 
normally masked, although in anuther aeries uf experiments the unmasked 
portion was only 12 mm. The liglu emerged from the box through Coming 
niters 5850 and 3J80, absorbing all but the 456*m#4 line and some red and 
infra-red lines to which the response was negligible. The lamp was operated 
at constant voltage to avoid erraticisms in the gradual decrease of intensity 
through lamp agmg. 

^ **Tlme'* and Counts per hr,'* are not used for the determination of the 
ratios but are given a» guides. The latter indicate the gradual aging of the 
lamp and were calculated for meter No. 1. 


counts/watt hr. and counts/min. indicate a high 
precision and constancy for the exposure meter 
over a period of 9 days, with coefficients of varia- 
tionftof 0.18 and 0.17 percent, respectively. Within 
each individual series the coefficients of variation 
were, for counts/watt hr., 0.48, 0.57, 0.46, 0.42, 
0.34, 0.40, 0.43, 0.31, 0.39, and 0,46 percent, in the 
order of Table 1. The voltages within a series varied 
by 0.3 to 0.4 volt. The 10th mean values show a 
deviation from the first nine. It was of interest to ^ 
determine the direction of any further deviations, 


tf Ovefllrient of variation, percent «»1005/niQan, where 
«"«atan4ard deviation**[sum of (deviations) 2/(a—1)3». 


and the experiments were repeated three weeks 
later. 

The next 100 runs gave results as constant as 
before but the average counts/watt hr. was 5.936, 
1.8 percent lower than before, whereas the wattage 
input increased by only 0.05 percent. After this 
second series of 100 runs, the next 20 runs resulted 
in an averse of 5.896 counts/watt hr., another 
decrease of 0.7 percent. The cause of this large 
change lay either in the lamp or in the receiverftt 
or both. It should be pointed out that the lamp 
was used much more drastically than corresponds 
to the usual radiometric practice, and, therefore, 
these results might be regarded as tentative. 

Although it had been ho]f>ed to develop, in this 
manner, a fairly reliable, simple method for check¬ 
ing the performance of such instruments, it is ap¬ 
parent that this procedure must be used with cau¬ 
tion and that a comparison against sjxjcially de¬ 
signed standard incandescent lamps, operated with 
all possible precautions (including the measure¬ 
ment of color temjXTature), is required at intervals 
of approximately two weeks, for precision over 
long time periods. For the present application, such 
refined checks are to be carried out by the Pho¬ 
tometry and Colorimetry Section of the Bureau. 

B. Test with Two Exposure Meters 

If a part of the change noted in the last section 
arises from variability of the exjxisure meters, this 
should manifest itself when two instruments are 
viewing the same monochromatic source. If an 
instrument always gives a certain number of 
counts for a given quantity of light, then two re- 
producibly functioning instruments should main¬ 
tain a constant ratio of counts, even if the intensity 
of a monochromatic source is changing. However, 
if two instruments do not maintain a constant ratio, 
one or both must be varying. It is the fact of such 
variation which it is desirable to establish, and for 
which the following experiments CFable 11) were 
planned. 

Two receivers viewed a monochromatic source in 
an arrangement described in footnote a, Table 11. 
The ratios of counts given in column 5, w^ith a co¬ 
efficient of variation of 0.32 j>ercent, in fair agree¬ 
ment with the results in the foregoing station using 
a different method, show^ that the two instruments 
functioned reproducibly with respect to each other 
over a continuous peri^ of almost tw^o weeks (ter¬ 
minated by a thyratron failure), in spite of the 
extensive decrease in intensity of the lamp by aging, 

+tt The ampliher of the instrument was checked for itr 
pulse-counting fidelity by parallel operation widi anothes 
amplifier, and found to be perfect for many thousands of 
counts. Furthermore, minor cnan^ in VR tubes were noted, 
but chants of 5 to 10 percent m volta^ on the particular 
trigger tubes were found to have negligible effect. 
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Table III. Comparison of exposure meter results with 
reflectance change of light-sensitive passer under various arc 
conditions,* 


Kxp. 

No. 

Type of 
filtcr*> 

Arc 

volts* 

Exposure 

time 

hr. Counta^ 

Change hi 
jeflectance* 


Experiments excluding short 

ultraviolet 


1 

New Corex-D 

42.5 

13.7 

18823 

0.202 

2 

Old Corex-D 

42.5 

15.4 

18823 

0.200 

3 

Old Corex-D 

43.5 

15.0 

18823 

0.197 

4 

Old Corex-D 

40.0 

18.1 

18823 

0.198 

5 

New Pyrex 

42-5 

14.0 

18823 

0.196 

6 

Old Pyrex 

42,5 

14.3 

18823 

0.197 


Experiments including short 

ultraviolet 


7 

Corning 791 

42.5 

14.2 

18823 

0.276 

8 

No filter 

42.5 

13.6 

18823 

0.396 

9 

Corning 791 

42.5 

9.5 

12654 

0.210 

10 

No filter 

42.5 

3.7 

5111 

0.203 


• The changm In conditions given In this table are much more extreme 
than ever obtained in practice. See footnotes b and c. 

^The new filters were completely unused; the old filters had been used 
apmoxlmately 4000 arc hr. Neither would be used in practice. Ordinarily, 
a niter is allowed to burn-in 100 hr. and is discarded after 2000 hr. From 
these data, for the particular samples used, it appears that Pyrex is the 
more resistant to solarizutinn. Pyrex, Corex-D, and Corning 791 (“hlgh- 
sflica*’) dilffer principally in their ascending order of ultraviolet transmission, 
the last having a cut-off near 220 mti. The ultraviolet differentially trans¬ 
mitted by the first two glasses, especially when new, occurs in the region 
below which the photo-tubc-filter combination is sensitive and explains the 
slightly higher r^ectance changes in experiment 1. For the same reason it 
was not expected that experiments including short ultraviolet would give 
valid results, I'he values were included to show the extent of departures 
in reflectance (experiments 7 and R) when the counts were used as a guide, 
and in counts (experiments 9 and 10) when reflectance was used as a guide. 

• The arc voluges are the mean values for each run, taken from a re¬ 
cording voltmeter curve. Since the voltages were measured at the electrode 
holders, they include the //t-drops along the electrodes. This amounts to 
approximately 3.6 volts, which must be subtracted from the values in 
Table III to give true arc volts. These voltage differences between experi¬ 
ments 2, 3, and 4, or even between 2 and 3, 2.3 percent, arc much larger 
than may be expected in practice, since tlic primary voltage is controlled 
by a mechanical re^lator operating over a band width of ^.5 percent. 

^ Exposure to a given number of counts corresponds to the usual practice. 

• Changes in reflectance were obtained by measuring the reflectance at 
45** from normal incidence, for 578 nm, near the wave-length of greatest 
change, before and after exposure. For further details see references I and 13. 


as indicated in column 6. This is evidence that the 
instruments were individually constant in opera¬ 
tion, inasmuch as systematic variations necessary 
to give fortuitous!)' constant ratios are improbable 
in view of the complexity of the electronic processes. 

The exp<;riinents were repeated a number of 
times under a variety of conditions: (1) the re¬ 
ceiver circuit was operated from very constant 
B-batteries instead of rectified a.c.; (2) the totaling 
capacitor was changed from 0.025 to 0,0005 mCi thus 
decreasing the size of the electric.pulse fiftyfold; 

(3) the diaphragm oj>ening limiting the size of the 
arc was decreas^ from 76 to 12 mm, thus improv¬ 
ing the geometry of the arrangement considerably; 

(4) the receivers were accurately thermostated; 

(5) the photo-tubesfttt were replaced by others 
of the same ty|>e; (6) the receivers and lamp were 
more rigidly mounted on a steel beam instead of a 
^apstone table top; (7) the counting rates were 
increased fivefold. None of these changed condi¬ 
tions affected the constancy of ratios appreciably. 


tttt The original photo-tubeg in the two receivers had 
wrmlar responses, within a few percent, to the 365,, 405, and 
436-^ mercury lines; the replacement tubes differed almost 
two-fold. 


The results in Table II were obtained for only 
one wave-length, but it is not reasonable to expect 
essentially different behavior at other, nearby wave¬ 
lengths. The experiments were intended, further¬ 
more, to afford an insight into the reproducibility 
of photo-tube response under the ideal conditions 
of constant photon energy. The performance of the 
instrument for the spectrally varying and in¬ 
homogeneous carbon arc is shown in the next 
section. 

This type of experiment suggests the desirability 
oF having two or more instruments viewing the 
arc at all times, thus providing a ratio which should 
serve as an indication of the behavior of the ex- 
fx^sure meters. This, combined with frequent check- 
ing against a working standard incandescent lamp 
(taking trends caused by aging and other causes 
into account) and the whole referred to highest 
precision incandescent standard lamps, ap|>cars to 
afford a reliable meth(xl of measuring light dosage 
over extended periods of time. 


V. SUTTABILITy OF THE EXPOSURE METER 
FOR THE APPLICATION 

The arc* used for the standardization of light- 
sensitive papers is usually fairly constant in opera¬ 
tion, with occasional extreme differences of three 
to four percent, and light dosage may thus be 
approximated on a time basis, but fractional parts 
of a given light dosage are rendered uncertain by 
the variation of arc power with electrode length. 
Furthermore, the glass filter, which surrounds the 


Table IV. Precision of the uranyi oxalate aciinometer* using 
the exposure meter to measure light dosage. 


Oxalic acid 
decomposed^ 
milliequivalents 

Counts 

Mlllienulvalents 
per count 

xio* 

0,811 

35154 

2.307 

0,832 

35605 

2.337 

0.621 

26315 

2.360 

0.710 

30831 

2.303 

0.797 

33582 

2.373 

0.819 

35722 

2.293 

0.829 

35851 

2.312 

0.482 

21303 

2.263 

0.588 

25290 

2.325 

0.812 

35457 

2.290 

Mean 


2.316 

Coefficient of variation, percent 

1.4 


• The chcinical procedure given In Federal Sj^tfication for. Rubber, 
ZZ-R-601a. 11-18. **lte»hit«nce in light,** was foOowed, except (or slight 
changes in titrimettic technique. The centra! 80 percent of the face of the 
thin silica cell was exposed through a diaphragm, and the rest of the celt 
was covered by a light-proof, InternaUy btacke^, snugly fitting case. The 
case was rigidly mounts on the drum, rotattng about the arc at 1 r.p.rn.. 
and faced away from the arc. at such an angle that the cell was lUummated 
by the image of the arc In a piece of pollsbM red glass, also rigid with re- 
s^t to the cate. This redact the Ught Intensity 20-foUt as described In 
Section UA. and allowed exposures up to 12 hr,. Instead of | hr. with direct 
exposnre. The photon receiver was also mounted on the drum. Another 
method of reduchw the Intensity, by mounting the cell In a fbced potl^ 
at 170 cm from the arc. next to a photon receiver mounted there, gave 
essentially the same resttitf, 

^ The amount of oxalic add decomposed waa calculated from difference 
In permanganate titer of the uranyl oxalate eolation before and after ea* 
posure. and umudly amoanted to 8 to b ml of O.tV KMitO*. 
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arc to eliminate short ultraviolet, deteriorates with 
use, undergoing a decrease in transmission—and 
thus causes a gradual decrease in intensity, espe¬ 
cially in the shorter wave-lengths. The use of a 
device for measuring out light doses and fractions 
thereof is, therefore, required, and it must be re¬ 
sponsive to the same factors that affect quantity 
and quality of radiant energy as the light-sensiliv'e 
papers, 

Exi>eriments designed to test these points were 
performed. Light-sensitive paper of uniform initial 
reflectance was exposed for an e(4ual number of 
counts under conditions varying much more than 
expected extremes: high and low arc voltage, old 
and new' filters of both Pyrex and Corex-D glass, 
and normal electrode variations. The reflectance 
changes undergone during exposure by the light- 
sensitive paper were measured.* ’* These changes in 
reflectance must correlate with counts for the 
various coriditions under which the exposure meter 
is to indicate light dosage reliably (see Table ill). 

The results given in Table 111 show that, in 
spite of the abnormally large variations in condi¬ 
tions, the exposure meters reliably indicated light 
dosage for the light-sensitive paper, provided that 
the short ultraviolet was eliminated. When the 
latter was included, as in exfxjriment 7 with Corning 
791, a glass transmitting down to 220 millimicrons, 
or as in experiment 8 without a filter, the fading 
of the pai^er was much greater than the exposure 
meters indicated, or conversely, as in experiments 9 
and 10, for equal fading, far less time and fewer 
counts were required. It is of interest to note the 
large differences in time for the various conditions. 


“Herbert F, L-iuner, J, Research Nat. Bur. Stand. 27, 429 
(1941) RP 1430. 


VI. COMPARISON WITH THB URANYL 
OXALATE ACnNOMETER 

The possibility of precise light dosage using the 
exposure meter led to a comparison with the uranyl 
oxalate actinometer, inasmuch as the latter was, 
at one time, considered for use in measuring light 
dosage in the standardization of light-sensitive 
papers. From the very careful work of Leighton 
and Forbes,* for their typical experiments 14—27, a 
coefficient of variation of 5.8 percent may be calcu¬ 
lated. The uncertainties involved in their method 
of intermittently measured light dosage, however 
painstaking, may account for much of the variation. 

Several series of experiments were performed, 
using the actinometric technique developed in the 
rubber industry^ and using the standardizing arc, 
measuring light dosage wdth an exposure meter. 
The details are given in the footnotes to Table IV, 

The results given in Table IV show a coefficient 
of variation of 1.4 percent. Two other similar series 
show^ed 1.9 and 1.1 percent, but in the latter series 
a result differing, unexplained, by 8 percent from 
the mean, was omitted. The results, furthermore, 
were from one batch of C.P. reagents; another 
batch gave mean values differing consistently from 
the others by more than 20 percent, pointing to 
the necessity of great care in purification, as already 
stressed elsewhere.* These results do not indicate 
the reproducibility of the uranyl oxalate actin- 
onieter for a variety of carefully purified batches 
of reagents, which would constitute the real cri¬ 
terion of its Uvsefulncss, but they do indicate that 
this actinometer is less variable, for a given set of 
reagents, than had been previously reported. 

The writer thanks Paul J. Shouse for assisting in 
construction and measurement, and William K. 
Wilson for performing some of the uranyl oxalate 
experiments. 
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A CapiUary Collector for Measuring the Deposition of Water Drops on a 

Surface Movii^ through Clouds 
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An instrument lias been devised /or the purpose of measuring the amount of water impinging on a 
small area moving through clouds, rain, or snow. From measurements of this sort, the liquid water 
content of the atmosphere can be evaluated. 

The instrument uses capillary phenomena to collect and retain water drops striking a small porous 
surface. Its function is the same as small scoops which have been used to measure water collection in 
flight, but it has the advantage that its response rale is sufHciently rapid to measure collection rate 
over a very short interval of time. It has been succerefully used in wind tunnel and flight tests. With 
slight modification, the instrument should And application in measurements on other liquid aerosols. 


PRINCIPLES OF OPERATION 
Components 

T he device consists of a collector made of 
porous material exix)sed to the air stream so 
that particles suspended in the air collide with its 
collecting surface. Figure 1 shows schematically 
the essential parts of the apparatus. I'he collecting 
head of the unit consists of a piece of porous ma¬ 
terial held in a holder sealed around its edge so 
that one surface is exposed to the atmosphere while 
the other is on the inside of the holder. The holder 
is connected by a tube to the measuring part of 
the apparatus^ in this case a calibrated glass tube. 
The apparatus is filled with water from the collect¬ 
ing head to the measuring system. If the proper 
constants are used in the design of the apparatus, 
the drops from the atmosphere which hit the sur¬ 
face of the porous material will be drawn into the 
system and their volume can be measured almost 
immediately on the measuring device. 

Capillarity 

Figure 1 includes a greatly enlarged idealizc^d 
drawing of the cross section of a pore in a piece of 
porous material such as is used in this instrument. 
It can be seen from the drawing that the interior 
of the apparatus is filled with water which forms a 
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Fig, 1. Schematic diagram of collector. 

* Preaent address: General Electric Company^ Research 
Laboratory, Schenectady 5, New York. 
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meniscus in each pore of the porous material on the 
outside surface. If we assume that the pores are 
circular, having a radius r, the liquid has a surface 
tension y, and contact angle of the liquid with the 
pore walls is 0, then the pressure difference, P, 
between the inside and the outside of the meniscus 
is given by 

P=^(2ycos$)/r. (1) 

This pressure difference resulting from surface 
tension forces causes the pressure in the liquid 
phase to be less than that in the.gas phase when the 
contact angle is less than 90® (that is when the 
liquid wets the porous material). If one causes the 
pressure of the liquid phase to vary with respect to 
the gas phase, the contact angle of the liquid 
will change so that the surface tension forces 
balance the pressure difference. If the pressure dif¬ 
ference is increased, the contact angle will de¬ 
crease. The maximum pressure difference which 
the surface tension forces will support is limited 
by the smallest contact angle which the meniscus 
of the liquid can assume with the wall of the pore. 
For surfaces wet by the liquid, this angle is sub¬ 
stantially zero. Therefore, the maximum pressure 
difference which can be supported is 

P^i2y)lr. (2) 

Because the pressure of the liquid is less than that 
of the atmosphere, water drops touching the sur¬ 
face of the porous material will be drawn into the 
body of the liquid while air will remain on the out¬ 
side. The meniscus can be regarded as sort of a 
semipermeable membrane, admitting liquid but 
excluding gases. 

We'may analyze the situation in the apparatus 
in Fig. 1 by letting Pi»pressure on air aide of' 
porous material in dynes/cm*, Pt*-pressure on 
liquid side of the porous material in dynes/cm*. 
P,«>preasure of air at end of measuring tube in 
dynes/cm*, fi«>pore radius of porous matmal in 
cm, rt<*radiuB measuring tube in cm, 9i#Con- 
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tact angle of porous material and water, S** con¬ 
tact angle of measuring tube and water, 7 surface 
tension of water in dynes/cm, A = height of collector 
above measuring system in cm, and p—density of 
water in g/cm*. The pressure difference existing 
across the porous collector (Pi—Pa) is then (neg¬ 
lecting the density of air) 

2y cos^a 

(Pi—Ps) -—-"-h(Pi—Ps). (3) 

r? 

I'he maximum pressure difference which the sur¬ 
face tension forces of the liquid in the porous ma¬ 
terial can support is, from Eq. ( 2 ), 

Pmax“(27)Al. (4) 

By adjusting Pg, the pressure at the end of the 
measuring system, so that Pi —Pi is less than 2y/ri 
but greater than zero, the system is made stable 
so that all water touching the collector is immedi¬ 
ately drawn into the system while no air is admitted. 
Because of the incompressibility of the liquid col¬ 
umn, the rate of response is very rapid when the 
viscous forces opposing motion of the liquid arc 
small. 

Porous Materials 

The porous collector can be made of a great 
variety of porous materials. Sintered metal, alun- 
dum, fritted glass, porous clay, cloth and leather 
have all been used. Sintered metal seems to be the 
most desirable material because of its strength, 
ease of fabrication, and uniformity. The porous 
metal used was furnished by the Moraine Products 
Division of the General Motors Corporation in 
Dayton, Ohio, The metal is made by sintering 
together a uniform powder of very small bronze 
spheres. Their product, Porex grade 3, having an 
effective pore size of approximately 30 microns, 
was used. After fabrication the collector was thor¬ 
oughly cleaned of any oil film by washing it out 
for a few minutes with sulfuric acid-potassium di¬ 
chromate cleaning solution. The presence of an oil 
film increases the contact angle of water on the 
metal and thus lowers the maximum air pressure 
which the wet porous material will support. Porex 
grade 3, when clean, should support air pressures 
of from 40 to 50 centimeters of water. The maxi¬ 
mum air pressure which \vet porous material will 
support is limited by the capillary effects in the 
largest pore, so that uniformity of pore size is very 
important. Occasionally, samples of porous ma¬ 
terial are unusable because of a single large pore. 

Ami4pumie Sffect and Pnre Size 

In the discussion concerning the pressures exist¬ 
ing in the various parts of the apparatus, it was 


assumed that a uniform pressure existed in the 
atmosphere over the collecting area of the porous 
material. When the collector is moving through the 
air, the pressure over the collecting surface will not 
be uniform because of aerodynamic effects. Conse¬ 
quently, provision must be made in the design so 
that at no point will the pressure drop across the 
material either force air into the porous material 
or suck water out of it. The maximum pressure 
variation which can exist over the surface of any 
shape of collector is probably several times the 
pitot static head, but by proper design this pressure 
variation can be greatly reduced, in the case of 
collectors having a large aerodynamic pressure 
variation over the collecting surface, it is necessary 
to use a porous material having a very small pore 
size in order to withstand the pressure range. The 
maximum rate at which water will flow through 
the porous material is governed principally by the 
size of the pores. Greater suction can he used with 
material having a small pore size, but the viscous 
forces opposing flow increase rapidly as the pore 
size is decreased. For a given shape and size of 
collector, the maximum flow rate is approximately 
projX)rtional to the pore diameter. The maximum 
flow rate of a collector should, of course, exceed the 
maximum rate at which water is to be collected. 
The maximum flow rate can be readily determined 
by flooding the surface of the collector with water 
and measuring the rate at which it enters the system. 

The early instruments had a wide range of aero¬ 
dynamic pressure variation over their surfaces and 
it was, therefore, necessary to use a collector having 
very small pores. A suction of about six feet of water 
was used. The maximum flow rate possible through 
the collector was barely enough to handle the 
highest liquid water content produced in the wind 



Fig. 2, Section of collector head. 



Fig. 3. G)Uector head. 
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Fig. 4. Approximate efficiency 
of collection of capillary col¬ 
lector as a_ function of air speed 
and drop size from computations 
of I.angmuir and Blodgett. Cal¬ 
culation based on efficiency of 
collection at the stagnation point 
of a one-half inch diameter 
sphere at a pressure of 960mb 
and a temperature of IOC. 


tunnel. It .was found that the maximum flow rate 
gradually decreased with time because of clogging 
of the pores, and thus caused difficulty. The present 
design minimizes the aerodynamic pressure varia¬ 
tion, permitting the use of larger pores, lower 
suction, and greater flow rates. 

When the porous collector is used at high air 
speeds, the aerodynamic pressure difference be¬ 
tween the collecting head and the measuring sys¬ 
tem must be taken into account. The most satis¬ 
factory method of doing this is to balance out this 
pressure by connecting the measuring system to a 
total head tube in the air stream. 

Evaporation Losses 

Because the water in the pores of the collector 
is exposed to the atmosphere, evaporation takes 
place from the system when the atmosphere is not 
saturated with water vapor. The rate of evapora¬ 
tion from the collector is approximately propor¬ 
tional to the pressure difference between the satura¬ 
tion vapor pressure of water and the partial pressure 
of water in the atmosphere. The rate of evaporation 
is also proportional to the airspeed. This can be 
express^ analytically as follows: 

Let V«true air speed in m.p.h., evaporation 

loss in g per minute per sq.cm of projected col¬ 
lecting area, jl?,-vapor pressure of water at tem¬ 
perature of collector in centimeters of mercury, 
partial pressure of water vapor in the air in 
centimeters of mercury, and X-constant of 
evaporation loss for collector. Then 

L^KV{p.-p,). (5) 

The constant of evaporation loss varies consider¬ 


ably with the design of the collector. It can be re¬ 
duced to a minimum by constructing the collector 
so that the airflow over the porous surface is as 
small as possible. The present design of the col- 



Fic. 5. Measuring system for capillary collector. 


lecting head, which is described in the next section, 
is constructed with this in mind. The constant as 
measured for this design is 2X10“^. This means, 
for example, that if measurements are being made 
in rain at a temperature of 60®F, a relative humidity 
of 60 percent, and a velocity of 200 m.p.h., the cor¬ 
rection for evaporation is 0.021 g/cmVmin. This 
corresponds to a correction of 0.04 gram per cubic 
meter, which is not very large compared to rain 
densities usually measur^. 

When the instrument is used for measurements 
in clouds above freezii^, the evaporation rate is 
negligible because the atmosphere is saturated. 
Even under conditions when saturation 
there will be a slight evaporation loss be(»uM of 
the adiabatic temperature rise of the air flowing 
around the coUectm*. With air sp^s of around 200 
m.p.h., the temperature di^^noes of a few de- 
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grees cause negligible evaporation. At much higher 
speeds, the temperature rise becomes appreciable, 
and evaporation losses must be corrected for. 

When the capillary collector is used at air tem¬ 
peratures below freezing, the collecting head must 
be heated. Preferably its temperature should be 
maintained at a constant value just above the 
freezing point. The maximum rate of evaporation 
loss when the atmosphere is below freezing will 
occur at very low temfx;ratures, when the partial 
pressure of the water vapor in the atmosphere is 
negligible compared to the vapor pressure of water 
at the freezing |)oint. The maximum rate of evapora¬ 
tion for a heated collector of the present design 
operated at very low air temperatures can be com¬ 
puted from Eq. (5). Substituting the vapor pressure 
of water, 0.456 cm of mercury, for the term 
at 200 m.p.h. gives an evaporation loss of 0.018 
g/cmVmin. Several designs of electrically heated 
Ix)rous collectors have lieen made and tested, both 
in the wind tunnel and in flights. Their operation 
was quite satisfactory in the wind tunnel where the 
heat losses were quite constant and the temjKjra- 
ture regulation was not difficult. However, in 
flight the temperature control system was found 
inadequate and large temperature fluctuations oc¬ 
curred in the collector causing excessive and vari¬ 
able evaporation losscjs of the same order of mag¬ 
nitude as the rates of collection. 

DESIGN OF CAPILLARY COLLECTOR SYSTEM 
Collecting Head 

A wide variety of shapes and sizes of capillary 
collector heads have been used in wind tunnel tests. 
The design can be varied to suit the conditions of 
use. For the purposes of our work, the design shown 
in Figs. 2 and 3 has proved the most satisfactory. 

The hollow shape of the collector gives a large 
area of porous material in relationship to the col¬ 
lecting area, thus providing a large flow capacity. 



FtO. 6. Photomph of cai^llanr collector end 
toM bead tube on B-17. 


With a suction of 25 cm of water, the collector can 
handle a flow rate corresp>onding, at 200 m.p.h., to 
a liquid water content in excess of 50 grams per 
cubic meter. As has been mentioned, the evapora¬ 
tion loss is quite low for this design. The hollow 
shape is well adapted to measurement of rain and 
snow. Rain drops or snowflakes have sufficient mass 
to carry them into the end of the cup, and there is 
very little loss from splash. The pores of the col¬ 
lecting cup have been sealed for a distance of i 
inch inside of the cup to lower the aerodynamic 
pressure effect and to cut down the evaporation 
on the edge of the cup where the air flow is quite 
rapid. 

In general, an object moving through a cloud 
collides with only a fraction of the particles in the 
volume it sweeps out. This fraction, known as the 
collection efficiency, is a function of the size of the 
collector, its velocity, and the drop size. The smaller 
the size of the collector, the higher is its efficiency 
of collection. Using the computations of Dr. Lang¬ 
muir and Dr. Blodgett** of the General Electric 
Company Research Laboratory, R, Cunningham 
has calculated the approximate collection efficiency 
of this collector under different conditions (Fig. 
4). These calculations were made on the assump¬ 
tion that its collection efficiency is the same as 
that at the stagnation point of a sphere of the same 
diameter (0.50 inch). 

If two or more collectors having different sizes 
are used simultaneously in making measurements, 
the average drop size can be computed from their 
relative collection rates. The liquid water content 
can then bo computed if the average drop size is 
known. 



Fig, 7. Photograph of measuring system in nose of B-17. 


•* I, Langmuir and K. B, Blodgett, A Mathematical In- 
vesHgation tf Water Droplet Trajectories. Work done under 
Army Contract W-33-038-ac-91Sl, I>ecember, 1944— 
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Fig. 8. Flight data tak^n with collector near Boston, 
May 19, 1945. 


Measuring System 

In most of the work a calibrated fine bore glass 
capillary tube having a volume of 0.01 cc per cm 
has been used to measure the rate at which water 
is being collected. The design of this system is 
shown in Fig. 5. By manipulation of the stopcocks, 
the system can be filled or drained. Measurements 
are made by observing the position of the water in 
the capillary tube as a function of time. One or two 


successful flights have been made using a micro* 
rotameter type of flow meter to measure the rate 
of water collection. It is planned to describe this 
in a later paper. 

Flight Tests 

A number of flights with the capillary collector 
have been made at temperatures above freezing. 
These tests were made in a B-17 airplane through 
the coo|>eration of the M.l.T. Radiation Labora* 
tory. Photographs of the installation of the col¬ 
lector and measuring system are shown in Figs. 6 
and 7. The results of data taken on one of these 
flights is shown in the diagram in Fig. 8. The instru¬ 
ment is in regular use at the present time on flights 
being carried out by the M.l.T. Weather Radar 
Group. 
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An Apparatus for the Production of Large Metallic Crystals by 
Solidification at High Temperatures'*'. 
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The design and operational aspects of an apparatus suitable for large-scale production of metallic 
crystals is described and the various high temperature difficulties indicated. 


1. INTRODUCTION 

T he commercial production of large single 
crystals is rapidly making available speci¬ 
mens of inorganic compounds for research purposes 
and special applications. The Harshaw Chemical 
Company is growing halide crystals in pound de¬ 
nomination;* the earlier researches of Stockbarger 
are being used to good advantage.* The Verneuil 
method for preparing synthetic sapphires* has been 
developed by the Linde Air Products* who are 
producing not only large sapphires, but a number 
of other refractory oxides. Considerable interest in 
the problem of growing adequate sized piezoelectric 
quartz crystals has been manifested, and progress 
is being made in this direction,* 

The literature contains ample evidence of ex¬ 
tensive investigations pertaining to the prepara¬ 
tion and properties of metallic crystals. In general, 
only the lower melting metals such as zinc, lead, 
cadmium, etc., have been grown with some con¬ 
sistency with dimensions that might be considered 
as appreciable;® copper and certain alloys (gold- 
copper, alpha-, and beta-brass, for example) have 
been prepared in sizes of some note,^ but beyond the 
range of approximately 11(X)°C, the results are 
quite sporadic.® 

Although lai-ge crystals of metals having high 
melting points can be prepared by other methods 


* This paper is based on work performed at the Metal¬ 
lurgical Project, Massachusetts Institute of Technology, 
unacr Contract No. W-7405-eng-175 for the Atomic Energy 

Vc . Kreraers, Chemical and Engineering News, July 7, 

m7. 

•D, C. Stockbarger, Rev. Sci. Inst. 7, 133-136 (1936); 
J. Opt Soc. Am. 27. 416-419 (1937). 

* M. A. Verneuil, Ann. de Chemie et Phys. 8, 320-48 (1904), 

* *'Synthetic Sapphire, Ruby, and Spinel," (Linde brochure, 
194 «. 

®D. R. Hale. Science 107, 393-394 (1948). 

•C. A. Cinnamon, Rev. Sci. Inst. 5, 187-190 (1934); M. F. 
Haticr, Rev. Sci. Inst 4. 656-660 (1933); B. B. Betty, Proc. 
Am. Soc. Testing Materials 35, 193-200 (1935) II. R. F. 
Miller, Trans. A.f.M.E. Ill, 135 (1934). 

*K. W. Hausser, and P. Scholz, Wiss. Ver, Siemcns- 
Konaero 5, 144^164 (1927); S. Siegel, Phys. Rev. 57, 537-5^4^5 
a#40)! J. S. Rinehart, Phy*. Re^SS, 365 (1940); W. W«bb, 
Rev. 8S, 297-305 (1939). . „ . . 

*}, A* M. Van Liempt, Proc. A,I.M*M.E. T«h. Pub. 15, 
35t (I9i7); S* Kayae Sci. Rm>. Tohoku Univ. 17, 1157-1177 
amh sa: Rep. I^oku Un^. 17. 17, 839-8S3 (1928). 


which avoid high temperature complications,® 
solidification from the melt apparently is most 
amenable to large-scale operation.*® 

Recently there has developed as a result of war¬ 
time researches marked awareness of the need for 
large metallic crystals.** In particular the desir¬ 
ability of suitable delay lines and similar storage 
devices** have intensified the importance of such 
materials.** The present paper is an outgrowth of 
these developments. 

The apparatus to be described evolved from the 
desire to fulfil the considerations of having a rela¬ 
tively simple arrangement for growing large crystals 
of metals with design features which would allow 
for reasonable flexibility. The various schemes for 
growing crystals from the gaseous, liquid, solid, 
and solution states were critically re-examined and 
the decision to prepare the specimens from the 
melt made. 

2. THE APPARATUS DESIGN AND CONSTRUCTION 

The sundry variations of growing the crystals 
from a melt are all based on the underlying process 
of controlled solidification with due observance of 
the principles of nucleation and growth. The tech¬ 
niques of Bridgman,** Stoeber,*® Czochralski,*® and 
Obreimov-Schubnikov*’ were carefully evaluated, 


The other methods referred to are the strain-anneal and 
electroplating techniques. Metals having alio tropic trans- 
formaUons between room temperature and their meltiiw 
points may be thus most effectively grown as large crystafi 
(see reference 9). 

* H. C. H. Cirpenter, Metal Industries 44, 557-560, 584- 
587, 637-638 (1934); T. Erdly-Gruz and R. F. Kardos, Zeits. 
f. physik. Chemie 178, 256-265 (1939). 

‘®C. Kurylenko, Rev. Opt. (Theor. Instrum.) 23, 1-19 
(1944). 

“ D. L. Arenbeig, M.I.T. Rad. Lab. Report 932 (1946). 
Also see J. Acous. Soc. Am. 20, 1-26 (1948). 

“TRE Report T1539, Aug. 1943, Preliminary Experu 
mental Enquiry into the Possibility of using Sdid Materials 
for Supersonic Transmission Media for Delay Cells and olher 
Devices, 

*• A. G, Emslie and R. L. McConnell, Radar System En* 
gineering (McGraw-Hill Book Company, Inc., New York, 
1947), Vol. i, Chap. 16. 

P. W. Bridgman. Proc. Am. Acad. Arts and Sci, 60, 
305-383 (1925); ibid, 63, 351-355 (1929). 

«F. Stoeber, Zeits. f. Krick. 61, 299-314 (1925). 

‘•J, Czochralski, Zeits. f. physik. Chemie 92, 210-221 
(1917); I. Chem. Soc. 1X2, 302 (1917). 

L ObreimaY and L, Schubiukov, Zeits. f. Physik 25, 
31-36 (1924). 
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Fig. 1. Geiwyal view of apparatus. 

and the Bridgman method finally selected because 
of its apparent popularity. Descriptions of appara¬ 
tus utilizing the Bridgman method, some of which 
are rather crude and other which are quite elegant 
in their construction, may be found in the litera¬ 
ture.^* The vacuum furnaces used by Nix*® and 
SiegeP® were considered as best representative of 
what could rpost probably serve effectively for most 
metals since the exclusion of air is generally manda¬ 
tory, The wire suspKinsion arrangement for raising 
and lowering the specimens into and out of the 
furnace was thought to be inadequate for large 
melts of reactive metals; the method of moving the 
melt on a mercur>^ column which had been used by 
both Quimby et and Gwathemly and Benton*® 
in different forms was further modified as will be 
described. 

Figure 1 shows the equipment which has been 
used to prepare a wide variety of large metallic 
crystals ; copper specimens of the order of 2 inches 
in diameter and 6 inches in length, for example, 
have been produced with relatively little difficulty. 
Metals and alloys in the range from llOO^-lfiOO^C 
have also been grown in reasonable denominations 
with the basic limitation of resistance type furnaces 
restricting operation beyond this range. Although 
the apparatus has been limited to vacuum opera¬ 
tion, it can readily be adapted to usage with inert 
atmospheres if desired, as would be the case when 
dealing with highly volatile metals. The apparatus 
will now be described in terms of its basic com¬ 
ponents, which are 

A. 7'he vacuum system. 

B. The furnace cumber. 

C. The furnace unit. 

D. Power supply and temperature control. 

E. The lowering-raising mechanism. 


S* PJ'oc- Iowa Acad. Sci. 36, 301 (1929). 

C Nix, Rev. ScL Inst. 9, 426-427 (1936). 

WS. Siegel, Phys. Rev. 57, 537-545 (1940). 

WAT 
34-42* (1940). 


M. ay, , 

athemly and A. F. Benton, J. Phy*. Chem. 44, 


A« The Vacuum System 

Gasket seals, waxed joints, and stopcocks were 
eliminated wherever possible, particularly on the 
high vacuum side to minimize leak troubles; most 
of the joints were hard soldered or welded. A 
vacuum of 5X10“* mm could be maintained with 
the usual arrangement of Welch Duo-Seal two-stage 
fore-pump and Distillation Products three-stage 
vertical diffusion pump. In the course of a run, 
however, severe out-gassing would reduce the 
vacuum to approximately 10"* mm. Because of the 
wide variations in gas composition, it was found 
that the standard gauges were not serviceable in 
this range. Instead, a Lepel high frequency oscil¬ 
lator (commonly known as a spark-coil) was used 
to gain an approximate estimate of the pressure; 
in any event, it could detect if and when a leak 
occurred. » 


B. Furnace Chamber 

Figure 2 shows the furnace chamber extending to 
the bottom of a mercury well (33) on one end and 
sealed at the top by a steel cover and gasket (7), 
(8). The steel sidearm pumping lead, hard soldered 
to the chamber, is bolted to the diffusion pump 
and the seal made via an indium metal gasket. *** 
There are several openings on the chamber. Three 
windows (21) each at a different level provide for 
sighting. These were not used in any of the runs 
made, but should prove of value in studying solidifi¬ 
cation or other processes at much lower tem{>era- 
tures. These windows are made by a special process 
and are adequately described in the Tube Shop 
Handbook of the M.I.T. Radiation Laboratory. 
Their novel feature is the distortionless view one 
sees through them—of material importance in 
many instances. Below the bottom window is an¬ 
other opening (22) through which a thermocouple 
(23) can be inserted. The outside of the chamber is 
wrapped with approximately 150 feet of |-inch 
copper tubing (9) which is soft soldered into place: 
the water cooling provided will dissipate more 
than 5 kw with the chamber wall running a bit 
warm. A steel ring (25) was welded into place on 
the inside to support the furnace unit. 

C, Furnace Unit 

Because of the high temperatures and prolonged 
periods of operation, and because of the gradient 
requirements necessary for single crystal propaga¬ 
tion, the furnace design proved to be most for¬ 
midable; the difficulties appeared to be most 
marked when attempting to grow the larger sized 
specimens. Also there were complications resulting 

*** Indium is better than lead for this purpose because it 
is softer and less Inclined to work-harden. 
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from vapors attacking ceramics and the general 
misbehavior of the insulation at high temperatures. 

An Alundum core (16) RA-98 or RA-1139 (sup¬ 
plied by the Norton Refractory Company) is wound 
with the required number of turns of molybdenum 
wire (15) of predetermined diameter. A layer of 
special grade Alundum cement (silica free) (14) is 
applied over the windings and pre-fired up to 300®C. 
The current carrying capacity of the return leads 
is enhanced by using three strands of wire, each 
of which is encased in an individual alundum tube 
(12) for protection. The core is slipped over the lip 
(19) of a steel bucket (11) which is then filled with 
coarse grain silica free Alundum sand (13). A pair 
of holes close to the upper rim of the bucket allows 
for the ready insertion and removal of this unit by 
a pair of steel hooks. The bare wires protruding 
above the level of the sand are inserted into a 
stainless steel sleeve (6) and held firmly in place 
by a number of set-screws; this arrangement pro¬ 
vides the necessary rigidity for facilitating the job 
of making electrical contact in a vacuum and also 
serves to protect the embrittled ‘*inoly” leads from 
retreated handling. 

The stainless steel sleeves pass through a Lavite 
plug (10) which centers them and also offers in¬ 
sulation above the furnace. Two lock nuts (7) 
fasten the power-leads in place. A pair of connectors 
(S) are fastened to the power-leads by set-screws. 
Between steel bucket and ledge is a section of 
Lavite insulator (24) which is braced by a thin 
steel section not shown. 

D, Power Supply and Temperature Control 

Evidently temperature control in high power- 
high temperature furnaces cannot be handled in 
conventional fashion.^ For tem[>eratures over 
1000®C thermocouples cannot be relied upon for 
dependable performance. There are two recom¬ 
mended approaches: 

(1) Control thermocouple at some convenient 
point in furnace below 1000®C, but so arranged as 
to give temi^erature control in the hot zone which 
may be well above this temperature. 

(2) Maintenance of constant power by using a 
voltage-stabilized supply. 

Because of the uncertainty of the nature of the 
gradients within the furnace, method (2) seemed 
preferable: for a furnace relatively free of gradi¬ 
ents, method (1) is inherently capable of more ac¬ 
curate control, but method (2) will generally be 
adequate since, in the rai^e of temperatures of 
present interiest, temperature control better than 
a few degrees is practically meaningless—primarily 


^ R. Stanael, Industrial EXeciric Heating (John Wiley & 
Sons. Inc.. New York, 1933). 


because of the limitations of the temperature meas¬ 
uring devices.®* 

A General Radio 7 KVA variac rated at 220 v 
and 30 amps was operated off a two-phase 60-cycle 
220 v-30 amp. line. The power was introduced into 
the vacuum furnace by means of the power leads 
(4) indicated in Fig. 2. These leads were made up 
as a unit which was then soft soldered into the 
steel cover plates. They are very sturdy in nature 
and can be made to sizes which will carry currents 
of the order of hundreds of am}')ere8. A long section 
of 705-2 glass permits one to see the contact made. 
For high vacuum operation the contact is best 
made by dry fits, but for low vacuum or inert 
atmosphere operation mercury contacts may be 

UStKl. 

The temperatures were read with a Leeds and 
Northrup optical pyrometer through the 1-inch 
window (3) by sighting a glass prism (2) in the 
brass housing (1). In actual practice, no apparent 
temperature fluctuations were observed during the 
course of operation of the furnaces. The thermal 
inertia of the furnace was such as to eliminate 
rapid fluctuations of temperature even though the 
voltage were to fluctuate for any reason. More¬ 
over, some approximate data taken on the voltage- 
tem|)erature characteristics of the furnace indicated 
that a one-volt change would result in a tempera¬ 
ture change of only a few degrees. Still another 



Fro, 2. Sectional view of furnace chamber. 


American Institute of Phy^cs, Temperature, Its Measure^ 
ment and Control in Science and Industry (Reinhwd Publishing 
Corporation, New York, 1941). 
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indication of the temperature regulation possible 
was shown by the ability to hold a constant tem¬ 
perature on some particular object in the furnace 
for hours at a stretch by merely setting the voltage 
at a given level. 

E. The Lowerixig-Raising Mechanism 

Reference to Fig. 2 will indicate the arrangement 
used to vary the position of specimens in the fur¬ 
nace chamber. The principle of altering the height 
of a mercury column which was used successfully 



by Quimby and independently by Gwathemly and 
Benton was carried out by the former by draining 
off mercury through a rotating stopcock into an 
evacuated chamber and by the latter simply by 
varying the height of a leveling bulb which was 
slowly lowered by a gear reduction system. 

The present design is thought to have advantages 
over the afore-mentioned techniques; the height of 
the mercury column is varied by regulating the 
pressure in the steel reservoir (33). This was done 
by a sequence of manipulations on the stopcocks 
attached to the volume tank (35); bellows (34) 
were inserted as indicated to minimize the stresses 
on the glass connections during the various stages 
of manipulation. An indicator tube (29) provided 
with a scale and lens viewer (30) and (31) was used 
to determine the height of the column (and thus 
the position of the specimen). 

A uniform rate of lowering is possible only under 
certain conditions, foremost of which is the main¬ 
tenance of relatively lower pressures in the volume 
tank than in the reservoir.®* The uniformity of 
lowering was checked up to rates of approximately 
6 mm per minute, at which point slight fluctua¬ 
tions of the kind shown in Fig. 3 were noted. Since 
the rates used in the crystal growing runs were 
never greater than 2.5 mm per minute, the lowering 

** L. S. Marks, Mechanical Ennneers Handbook (McGraw- 
Hill Book Company, Inc., New York, 1941), **F\ovf 6f com- 
pn^ible fluids,^. 353-361. 


rate was uniform; exceedingly slow rates of the 
order of mm per hour were not amenable to careful 
regulation b^ause of stopcock difficulty—it was 
found important that stopcock D be greased 
properly if good performance were to be had. 
Grease or dirt in the stopcock hole will give trouble. 
This possible source of interference could be readily 
eliminated by inserting a tee branch between the 
reservoir and the volume tank; one branch could 
be used for evacuation and raising purposes, while 
the other could have a metal capillary valve for the 
low’ering process. This suggestion is made for future 
experimentation. 

The steel float (28) is inserted into the chamber 
prior to the installation of the mercury and the 
bottom plate (32). The float design was carefully 
considered in terms of the amount of tilting which 
would be experienced by melts supported at some 
distance from the tace of the float. If the fit be¬ 
tween the float and chamber is too close, there is a 
tendency for sticking and general erratic behavior; 
on the other hand, if too loose, the tilting effect is 
enhanced. Thus, it was necessary to make a simple 
analysis of the variation of the amount of tilting 
with the degree of clearance between the float and 
the furnace chamber. A working formula which 
applies for the conditions prevalent is 

a«[L(TF-tt/)A], 

where delta (6) is the amount of horizontal dis¬ 
placement, W is the inside diameter of the furnace 
chamber, w is the diameter of the float, L is the 
length of the crucible support plus crucible length, 
and h is the height of the float. For the set-up used 
calculation based on the above formula indicated 
that a clearance of several thousandths should not 
give significant values for delta (3). It is also a safe 
precaution to have the inside wall of the chamber 
free of scratches and bumps. 

Figure 2 shows a particular pedestal arrangement 
(17), (20), and (27), In the course of developing 
growth techniques for various metals and alloys a 
variety of pedestal designs were devised. These 
are shown in Fig. 4, The shapes and materials of 
construction were altered to modify the temperature 
gradients in the charge. In general, they were com¬ 
posites of graphite, firebrick, and Invite. 

To achieve the proper levels of the specimen, 
both durii^ the melting operation and the final 
solidification state, it was necessary to select the 
proper relative dimensions for the reservoir and the 
furnace chamber. Some degree of flexibility was re¬ 
quired to accommodate the different sizes and 
weights of the many sp^imens; this was accom¬ 
plished by varying the amount of mercury in the 
rescrvcHT, The mercury can be siphoned in andl out 
through the indicator tube as mtuation thight 
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demand. Occasionally the indicator tube, as well 
as the mercury in it, would become sufficiently 
dirty to make readings difficult by virtue of the 
meniscus becoming anomalous and the general 
obscuring of its position. The tube and mercury 
were readily cleaned from time to time by admitting 
dilute nitric acid, water, and acetone in proper 
sequence via the stopcock shown. It is important 
to eliminate all traces of water or acetone in the 
tube prior to starting up again for operation; if 
this is not done, bubbles will form beneath the 
mercury in the tube to interfere with proper opera¬ 
tion by rising to the surface when a run is in 
progress. 


truding stainless steel connecting rods and lowered 
into position by a pair of pointed tongs inserted 
into the sighting hole. The lock nuts are put into 
place to hold the connector-rods rigidly in place 
and the connector-cups fastened into place. 

The gasket on top of the furnace chamber is well 
greased and the steel cover carefully lowered into 
place as the power-leads make contact with the 
connector-cups. The steel cover is subjected to a 
slight rotary motion w^hich serves to assure good 
contact and to spread the grease film under it to 
effect a good seal. 

B. Starting"Up 


3. OPERATIONAL PROCEDURE 

Having described the individual design aspects 
of the components, we will now delineate the man¬ 
ner in which the apparatus may be used for a typical 
run. By no means are the following details unique: 
a broad range of variations is possible and, as a 
matter of fact, additional modes of operation have 
been utilized. The o|:>erational sequences can con¬ 
veniently be classified as: 

A. Loading. 

B. Starting-up. 

C. Out-gassing and pre-heating the furnace. 

D. Raising and melting the specimen. 

E. Lowering the specimen. 

F. Finishing the run. 

A. Loading 

The specific nature of the run determines the 
kind of pedestal, crucible, and furnace to be used. 
The pedestal is inserted into the hole of the steel 
float with the crucible or crucible holder in place; 
the maximum and minimum position of the crucible 
is then checked by raising and lowering the mercury 
column. The column is raised by connecting stop¬ 
cock i4 or C to a compressed air line and then 
keeping the proper cocks closed or open. Lowering 
is accomplished by simply letting the compressed 
air in the volumn tank escape. The maximum and 
minimum position of the crucible in the furnace 
can be adjusted by varying the quantity of mercury 
in the reservoir and the height of the pedestal. 
Different sizes and denominations of specimens 
require that these adjustments be made. 

With these preliminaries dispensed with, the 
furnace is then lowered onto the Lavitc insulator 
above the steel shelf by means of a pair of steel 
hooks. The task of getting the crucible into the 
furnace opening is facilitated by having the float 
completely lowered before the furnace is insertjKi. 
Having set the furnace into position, one can again 
check the maximum and minimum positions of the 
crudblet 

The Lavite plpg is then slipped over the pro¬ 


A rubber hose connection is made between the 
indicator tube and stopcock A on the volume tank. 
The float pump is then started up and the mercury 
column slowly raised up the entire length of the 
indicator tube and just beyond the opening of the 
stopcock to eliminate all the air. The indicator tube 
is closed off and the hose connection removed. The 
volume tank is next evacuated with stopcock D on 
the closed position. 

At this point the fore-pump is turned on and the 
furnace chamlx:r evacuated. To prevent the mer¬ 
cury column rising too far into the chamber, it is 
important to l)alance the pressures on both sides 
of it. This is accomplished by noting when the 
mercury in the indicator tube begins to fall and as 
it does, stopcock D is slowly opened to decelerate 
the downward motion of the mercury column. With 
both sides of the mercury column evacuated, the 



Fig. 4. Pedestal design. 

diffusion pump is then turned on, followed by the 
water cooling system. 

C. Out^Gassing and Pre-Heating the Furnace 

The power supply is connected to the furnace 
leads, and the power gradually increased. Too 
rapid heating is avoided in order to prevent ther¬ 
mal stresses from causing cracking of the furnace 
core or crucible. A furnace being used for the first 
time gives off voluminous amounts of water vapor 
and carbon dioxide. A new furnace is generally 
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out-^gassed overnight at a dull red heat. Subsequent 
usage of the furnace will not require out-gassing 
periods of long duration. The furnace is heated 
above the maximum point of operation to be 
effective in the melting operation to drive off gas 
that might otherwise be slowly evolved at the 
lower operating point. 

D. Raising and Melting the Specimen 

The specimen is slowly raised into the furnace 
by careful manipulation of the stopcocks on the 
volume tank. The raising process is watched 
through the window on the steel cover via the right 
angle prism in the brass case. When the specimen 
has been raised to desired height (as shown by the 
position of the mercury level in the indicator tube), 
stopcock D is closed and the volume tank evacu¬ 
ated in readiness for the lowering operation. 

Temperature readings are taken periodically to 
follow the progress of the melting operation. If the 
power required to effect melting has not been pre¬ 
determined in some preceding run, the voltage is 
gradually increased until melting is noted. Since 
some specimens will not show a clear liquid melt,t 
it is of considerable help to plot the temperature 
readings versus time and get a heating curve from 
which the melting halt can be detected. After some 
experience, the halts can be noted without the 
necessity of plotting the data, but in some instances 
this cannot be dispensed with. 

The temperature readings are subject to a num¬ 
ber of sources of error and must therefore be cor¬ 
rected.** Where a clear liquid surface can be ob¬ 
served (as in the case of copper, for example) it 
is not unusual to exj^erience an apparent drop in 
temperature although actually the temperature has 
increased. In some instances the drop has been as 
much as approximately 150®C. This phenomenon 
can be attributed to the marked change in the spec¬ 
tral reflectivity at the melting point. 

To minimize possible reactions of the melt with 
the crucible or even of the crucible with the holder, 
and also to minimize evaporation, it is important 
to avoid overheating the molten change. Yet, one 
must be certain to have effected complete melting. 


£. Lowering the Specimen 

Having melted the specimen and allowing suffi¬ 
cient time for the elimination of any solid present 
in the melt, the solidification process is initiated. 
The temperature is stabilized at approximately 
100®C above the melting temperature. Lowering 


' t Reactive metals such as aluminum, beryllium, etc. form 
oxide skins even in a high vacuum. The oxide skin on the sur- 
^ *2^*^ obscures the nature of the charge bdow. 

of RadiaiU Energy (Mc- 

Graw-HiU Book Company* Inc,, New York, 1937). 


the specimen out of the furnace is then begun by 
cautiously turning stopcock D to the open position; 
the volume tank must first be completely evacuated 
to the point where no glow discharge can be excited 
with a spark coil. Air escaping into the volume tank 
as stopcock D is opened will give rise to the glow 
discharge and thus indicate that lowering has com¬ 
menced. The opening of the stoiKock is adjusted 
until the desired rate of lowering is achieved. This 
is done by a series of alternating back and forth 
maneuvering, sufficient time being allowed for 
’equilibrium to set in for each stopcock setting. 

F. Finishixig the Rim 

When the specimen has reached the minimum 
position, or when solidification is known to be com¬ 
plete, the power is gradually reduced. Reducing 
the power too rafJidly may cause cracking of the 
furnace core or other ceramic materials in the hot 
zone. With the power completely off it may take 
hours for the furnace to cool, particularly if it is 
well insulated. So to accelerate the cooling process 
the specimen may be raised back into the furnace 
after the furnace has cooled below the melting 
point region. This step will simultaneously anneal 
the specimen and remove thermal stresses that 
might have been left by the original gradient con¬ 
dition that existed during the solidification. 

The cooling operation completed, the usual 
operation of shutting the diffusion pump and the 
fore-pump is followed by admitting air through 
the bleeder-valve on the steel cover. It has been 
found advisable not to attempt to remove the 
specimen while the furnace is still in place. By re¬ 
moving the furnace first, one can carefully extract 
the crucible containing the specimen, 

4. DISCUSSION 

In the course of the numerous runs made with 
the apparatus, the complexities arising from pro¬ 
longed, large scale operation at high temperatures 
were made evident. A number of these are directly 
attributable to the presence of a metallic charge 
and others originate because of the inherent diffi¬ 
culties of high temperature operation. 

The crucible problem for metallic melts is much 
more severe than for inorganic compounds. The 
technique of thin-walled metal crucibles devised by 
Stockbarger* cannot be utilized because of obvious 
alloying effects. Refractory crucibles made of 
Alundum, berylUa, graphite, etc. when in contact 
with molten metals for prolonged periods will react 
or show marked penetration. This gives rise to 
contamination and sticking; silicon, for example, 
in an Alundum crucible will not come out readily 
and the crucible needs to be broken away. The 
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need for high gradients also causes difficulty with 
crucibles by favoring thermal stress cracking. 

Resistance-wound furnaces are a potential source 
of trouble because of a number of deleterious effects, 
foremost of which is electrical breakdown at ele¬ 
vated temperatures. This can be reduced somewhat 
by designing the furnace for low voltage—high 
current operation; one cannot carry this process 
too far because of the wire size limitations. Re¬ 
sistance-wound furnaces are also subject to attack 
metal va^>ors. Some degree of minimization of 
this difficulty is possible by proper shielding of the 
furnace walls. One cannot, however, completel}' 
obscure the surface of the charge because of the 
necessity of sighting it during the course of a run. 

The longevity of such furnaces is seriously handi¬ 
capped by gradual evaporation of the resistor cle¬ 
ment and increasing embrittlement of the furnace 
core. The presence of high gradients is certainly 
not beneficial. 

There appears to be some evidence which indi¬ 
cates that the Bridgman method may not be the 
best means for introducing the gradient into the 
molten charge. The large cross-sectional area of 
melts with relatively high thermal conductivity 
tends to level-off the gradients existing at the bot¬ 
tom of the furnace. For this reason it was found 
necessary to support the crucibles on graphite 
pedestals in order to create sufficiently high thermal 
gradients in the charge. The graphite pedestals, 
however, markedly increased the power require¬ 
ments. It was found necessary to use combinations 
of graphite and insulators such as Lavite and fire¬ 
brick to compromise between power-loss and ther¬ 
mal gradients. The Obreimov-Schubnikov tech¬ 
nique of instituting the gradient after melting has 
taken place by introducing a heat sink w^as sur- 
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mised to be a more efficient procedure. Some pre¬ 
liminary attempts in this direction were quite 
encouraging. 

The relatively higher degree of impurities in the 
metal specimens further distinguishes the growth 
of metallic crystals from inorganic crystals. In¬ 
soluble matter in the metal will settle out when the 
specimen Is kept molten for some time. The pres¬ 
ence of the insoluble impurities is probably re- 
sjx>nsiblc for the observance of an optimum rate 
of solidification for producing large crystals. 

It was generally evidenced that increasing the 
dimensions of the specimens not only altered the 
optimum conditions, but also augmented the tend¬ 
ency of parasitic grains appearing. Although a 
number of specimens were not truly single cxystal, 
i.e., such parasitic grains were evident, their general 
usefulness was not seriously interferred with. Thus, 
the term single crystal was avoided in the title of 
this paper for the sake of completeness and ac¬ 
curacy ; moreover, the distinction between the true 
single crystal and the mosaic crystal is not well 
enough defined to permit one to use the terminology 
of single crystal with impunity. 
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A large helium liqueher is described which produces 7,5 liters of liquid helium per hour through a 
Joule-Thomson expansion valve when operated from a compressor giving 21 cu ft./min. flow at a 
pressure head of 320 Ib./sq. in. The liquid helium can readily be transferred into exterior cryostats. 

The consumption of liquid hydrogen, used to pre-cool the helium gas, during the process of liquefac¬ 
tion is 1,3 liters of hydrogen per liter helium. The liqueher fits into a container 6' long by 8" in • 
diameter. 


I. INTRODUCTION 

A LARGE helium Hquefier has been put into 
satisfactory operation in the Cryogenic Lab¬ 
oratory at the Ohio State University, and in view 
of the simplicity and stability of its operation, it is 
thought that a brief description of it might be of 
interest. 

The hquefier is based on some features of the 
designs for small scale helium liquefiers using the 
Joule-Tho'mson expansion method of liquefaction 
previously developed both at the Ohio State Uni¬ 
versity^ and at the Clarendon Laboratory, Oxford^ 
and utilizes some features of the large helium lique- 
fier in use at the University of California (courtesy 
of Professor W. F, Giauque). 

The Hquefier is an all-metal construction im- 



Fig. 1. Helium Uquefier, 


(1947) and Rev. Sa, In»t. 20, (1949). 

* J- G. Daunt and K. Mendelssohn, J. ScL Inst, (in press). 


mersed in a glass Dewar which contains liquid 
hydrogen. It is therefore possible to view con¬ 
tinuously the level of liquid hydrogen through slits 
in the silvering of the Dewar, a feature which is 
found convenient during the oi:)eration of the 
Hquefier. 

Observation of the level of liquid helium pro¬ 
duced is not critical, since the volume of helium 
liquefied can be readily obtained from observation 
of the helium gas-holder level. It was therefore de¬ 
cided to dispense with a direct visual observation 
of the helium chamber, a process which greatly 
simplified the construction. 

The Hquefier does not use liquid air or liquid 
nitrogen as a pre-coolant, but instead the high 
pressure input helium gas is allowed to enter at 
room temperature and to be cooled to liquid hydros 
gen temperatures by means of heat interchangers. 
This interchanging system between room tempera¬ 
ture and liquid hydrogen temperature is in two 
parallel sections, one interchanging with the return 
cold low pressure helium gas and the other with the 
hydrogen evaporating from the Dewar. 

The liquid helium is transferred out of the lique- 
fier into exterior cryostats or storage vessels by 
means of a vacuum jacketed transfer tube built 
integrally with the Hquefier. It is found that the 
losses in transfer are small and that the rate of 
transfer is very fast, a few seconds being sufficient 
to transfer 1 liter of liquid helium into an exterior 
cryostat. 

II 9 GBNKRAL DBSClUPnON OF LIQUEFISR 

A schematic diagram of the Hquefier is given in 
Fig. 1 and Fig. 2 shows to scale detail of the more 
important dimensions. 

The helium high pressure input is split into two 
parallel paths outside the Hquefier and the two 
inputs lead separately to interchangers 1 and 2. 
Both these interchangers are built concentrically 
and are of the Hampson type, using a construction 
developed and patented by Giauque.* Interchanger 

•We are indebted to Profeeaor W. F, Giauque for the in¬ 
formation concerning these interchangers and lor pemdsilon 
to use his patent demgn. 
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1 has 6 layers of copper tubing (J'' o.d* and 35 
thousandths of an inch wall thickness), and is 
comprised of 15 high pressure tubes in parallel 
each of length 23 ft. 8 inches. The return low pres¬ 
sure helium passes through the moderately open 
network between the high pressure tubes. Inter¬ 
changer 2 is of the same general construction having 
3 layers of the same copper tubing comprising 9 
parallel high pressure paths of length 34 ft. 8 inches 
each. The evaporating hydrogen vapor passes 
through the spaces left between these high pressure 
tubes. 

The lower 10 inches of this double interchanger 
system Hts into the top of a glass Dewar vessel 
which is 54 inches long by 5f inches i.d. This Dewar 
is placed in a brass vessel, fitted with Lucite win¬ 
dows, similar to the hydrogen cryostats developed 
at Ohio State University by one of us,^ and serves 
to hold the liquid hydrogen. By this construction 
the level of the liquid hydrogen within the liquefier 
can be readily inspected. 

Below the room temperature to liquid hydrogen 
temperature interchanger system, within the De- 
war, the liqdefier follows essentially the construc¬ 
tion described for the small liquefiers previously 
developed.^’^ The main components are (a) a high 



Fig. 3. 


* A det^M d^iption of this h being $ubinitt©d to The 
Review of Saenufic Instrument#. 


pressure helium coil immersed in liquid hydrogen, 
serving to cool the incoming helium gas to 15®K, 
which is the temperature maintained by the liquid 
hydrogen, (b) a vacuum jacket, which is continu¬ 
ously evacuated by an oil diffusion pump, (c) an 
interchanger (interchanger 3 of Fig. 1) between 
15®K and helium temperature (4.2'’K). This inter¬ 
changer uses the cold of the returning low pressure 
helium gas whifch is not liquefied at the expansion 
valve, (d) an expansion valve, (e) a helium chamber 
to collect the liquefied helium and (f) a transfer 
tube which enables the liquid helium to be drawn 
off into a cryostat outside the liquefier. 

In addition, not shown in Fig. 1, there is a gas 
thermometer attached to the expansion valve and 
a “valve warmer” which consists of a small bore 
tube leading directly from a supi)ly of pure helium 
gas at room temperature outside the liquefier to 
the expansion valve'so that warm gas can be blown 
onto the valve. This is used if the valve sticks at 
low temperature. 

The high pressure helium coil (a) consists of 4 
parallel paths constructed of i^-inch copper tubing, 
wall thickness 35 thousandths of an inch, each of 
approximate length 19 ft. 

The vacuum jacket (b) is made of monel tubing 
5-inch o.d. and 45 thousandths wall thickness. The 
length of the vacuum jacket is 24x\^ inches. 

The interchanger (c) between hydrogen tempera¬ 
tures and helium temperatures is of the Linde type, 
chosen in order to minimize conduction losses to 
the helium chamber. This interchanger is made 
from J-inch o.d. copper tubing, length 20 ft., in 
which is placed four J-inch o.d. copper tubes, the 
whole arrangement then being wound in the form 
of a helix and bound rigidly with asbestos string. 
The four |-inch copper tubes take the high pressure 
gas, the tubes being arranged in parallel. The return 
helium gas flows back through the space left be¬ 
tween the |-inch tubes inside the main J-inch tube. 
In order to increase the length of the return path, 
the high pressure tubes had wound on their outsides 
a helical coil of 22 a.w.g. wire of open pitch, the 
wires subsequently being soldered at intervals to 
the |-inch tubes. From the observed high liquefac¬ 
tion coefficient it is evident that this construction 
is highly efficient. 

The expansion valve (d) is a needle valve oper¬ 
ated from the top of the liquefier by means of a 
^-inch o.d. monel tul>e, 25 thousandths wall thick¬ 
ness. this control rod being contained in a sheath 
made from J-o.d. monel tubing, IS thousandths wall 
thickness. The valve was arranged so that the 
sheath was at high pressure. This arrangement 
insures a minimum risk of air impurities flowing 
through the packing at the top of the control 
mechanism and also serves to allow an easy attach¬ 
ment to be made at the top of the liquefier to 
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measure the high pressure at the valve. It should 
be mentioned that the valve is mounted inside the 
helium chamber, thereby allowing the operation of 
a valve warmer. 

The helium chamber (e) is made from a 4-inch 
o.d. monel tube 11| inches long. The capacity for 
helium is approximately 2.2 liters, when allowance 
has been made for the position of the valve, etc. 
It is possible therefore to collect helium in amounts 
of the order of 2 liters between any two transfers to 
the cryostats outside the liquefier. 

The transfer tube (f) consists of a f-inch thin 
walled monel tube which is carried in a vacuum 
isolated jacket outside the apparatus into the ex¬ 
ternal cryostats. The exit end (cryostat end) of 
this transfer tube bears a needle valve to open and 
close. This transfer tube, the valve and valve 
controls, the gas thermometer and the valve warmer 
are all mounted as a unit on a IJ-inch o.d. monel 
tube which extends the whole length of the lique¬ 
fier. This tube can be withdrawn easily without 
disturbing any of the intcrchangers, etc., and con¬ 
sequently makes the problem of construction and 
repairs greatly simplified. .\t the top of the lique¬ 
fier this tube makes a vacuum tight joint to the 
rest of the vacuum jacket by means of a rubber 
gasket (Fig, 2). 

The remaining general arrangements are illus¬ 
trated in Figs. 1 and 2 and are self-explanatory. A 
photograph showing the completed liquefier sus¬ 
pended alongside its brass cryostat is given in 
Fig. 3. 

In addition to the liquefier itself a purifier is 
used to clean the incoming high pressure helium 
gas. This purifier consists of a high pressure char¬ 
coal trap mounted in liquid air. The activated 
charcoal is contained in a spiral tube 1 inch o.d. 
and 25 ft. long, which fits inside a glass Dewar 
vessel 36" long by S|" inside diameter. Between 
this charcoal trap and room temperature an inter¬ 
changer is mounted so that the outcoming high 
pressure helium is approximately at room tempera¬ 
ture and so that a minimum loss of liquid air occurs. 


Table L 


Output 

7.5 liters liquid heliutn/hour 

Liquefaction coefficient 

14 percent 

Temperature of hydrogen bath 15TtC 

Input pressure 

320 Ib./sq in. 

Gas flow 

21 cu ft,/min. 

Hi consumption (liquid) 

1.3 liters per liter liquid helium 


The interchanger consists of four Linde type inter¬ 
changers mounted in parallel. 

m. PERFORMANCE 

The performance of the liquefier is given in 
Table I. 

To start the machine it is initially cooled with 
liquid nitrogen. About one hour is required for 
this. After liquid temperature has been reached, 
the liquid nitrogen is syphoned out of the Dewar 
and liquid hydrogen introduced. The initial con¬ 
sumption of liquid hydrogen required to cool the 
machine to 15®K is approximately 20 liters. 10 
minutes is allowed to elapse after the introduction 
of hydrogen and then the helium gas flow is started, 
and simultaneously the pumping of the liquid 
hydrogen to low pressure is commenced. Helium 
liquefaction commences approximately 30 minutes 
after the flow is started. The high liquefaction co¬ 
efficient and the liquid hydrogen consumption are 
comparable with that for other large liquefiers de¬ 
scribed elsewhere® and indicates good interchanger 
efficiencies. 

The liquefier is easy to handle and shows excellent 
running stability. 
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A description is given of the frequency-modulated oscillator giving 20 kv at the front of the dee, although the oscillator 

and its associated r-f circuits, as used in the 184-inch cyclotron is capable of considerably more output. The frequency is 

for accelerating deuterons to 190 million volts or alpha- swept from 12.S me to 9.0 me approximately 100 times per 

particles to 380 million volts. A 9C21 water cooled tu^ is second by a rotating condenser connected to the dee by a 

used in a grounded-grid circuit, which is tightly coupled to half-wave transmission line. Much of the history of the de- 

the single-dee resonant circuit so that the oscillator follows sign, and reasons for choices made, are given, as it is felt this 

the frequency of the dee over the wide range required. During may be useful to others designing frequency-modulated oscil- 

normal operation the oscillator delt'^rs approximately 20 kw Tators for cyclotrons, 

of r-f power to the dee system at an efficiency of 60 percent, 


GENERAL FEATURES 

T he design of the radipfrequency system for 
the 184-inch cyclotron was started about 
April, 1946, shortly after the successful demonstra¬ 
tion of the synchrocyclotron principle by the 37- 
inch cyclotron at Berkeley.^ Initial thoughts re¬ 
garding the exact form of the design were varied, 
but a single dee with some form of mechanical 
frequency modulation by a rotating condenser 
were fairly certain features. Consideration was 
given to the arrangement in which a rotating con¬ 
denser is mounted directly at the rear of the dee, 
but eventually it was decided to build a high power 
version of the system used on the 37-inch cyclotron. 
This system had been tested and, although cumber¬ 
some, it seemed easier to design and build and was 
known to work; in retrospect, the exceptional ease 
of operation of the 184-inch cyclotron may be at¬ 
tributed in no small measure to this decision and 
to the experience gained with the smaller synchro¬ 
cyclotron. 

The r-f resonant system thus consists of a single 
dee and separate rotary capacitor connected by a 
transmission line, operating with a node near the 
middle, i.e., essentially the half-wave mode. The 
frequency range required for 200-Mev deuterons is 
11.5 to 9.8 me. Additional leeway is provided for 
tolerance and adjustment. It may be worth while 
to review the considerations involved in the initial 
choice of this arrangement for the 37-inch^and sub¬ 
sequently for the 184-inch cyclotrons: 

(1) The rotary capacitor could operate outside 
of the magnetic field. (2) Dee and capacitor design 
and construction could proceed independently. 
(This saved considerable time, as the dee design 
was essentially complete before a number of basic 
questions regarding the rest of the r-f system had 

♦ Now at the University of California at Los Angeles, 
California. 

** Now at the University of Washington, Seattle, Wash¬ 
ington. 

Aa Lofgrcn, and Wright, Phys. Rev. 


been answered.) (3) Many of the problems in¬ 
volved in the design of the capacitor had been 
worked out. (4) Vacuum systems for the cyclotron 
dee and for the capacitor could be independent; 
little was known at that time concerning the rela¬ 
tive vacuum requirements of the two units. (5) It 
was shown in the 37-inch cyclotron that positive 
bias on the dee very often increased the beam cur¬ 
rent, and it was felt desirable to retain the possi¬ 
bility of similarly biasing the 184-inch dee. In 
addition, a bias on the dee is the surest way of pro¬ 
viding a sweeping field to remove electrons trapped 
in an r-f discharge. (6) The oscillator could be 
coupled to the r-f system in air near the nodal point 
of the transmission lines, greatly simplifying oscil¬ 
lator design and adjustment. (7) The system is 
readily adjustable to give the desired shaj)e of dee 
voltage versus frequency. 

DESIGN OF RESONANT SYSTEM 

As mentioned, the theoretical frequency shift 
required is 11.5 to 9.8 me. At the time it was con¬ 
sidered undesirable to have the frequency-time 
curve convex upward in any part of the useful 
range. It was thus decided to allow most of what¬ 
ever extra range was provided at the high fre¬ 
quency end. The ions could then start (as well as 
finish) where the curve was concave upward. The 
desirable frequency limits were tentatively set at 
12.5 and 9 me. In order to insure that the higher 
limit would be sufficiently high, the initial layout 
was designed for operation between 13 and 9.5 me. 
It was planned to increase the line length in order 
to lower both limits if necessary, by insertion of 
an extra line section. For this reason, the oscillator 
and rotary condenser are mounted on a truck, 
which can move back as much as 3 feet on rails. 
The rail arrangement also permits more facile 
assembly and disassembly of the r-f system, as 
well as withdrawal of the dee face plate (also 
mounted on a truck) from the vacuum tank. 

It was obvious that if the rotary condeni^ wgB 
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to be in a negligibly weak field, the line connecting 
the dee to the condenser had to be quite long and, 
consequently, of the lowest possible impedance 
(around 10 ohms). An easy way to reduce impedance 
was to add lines in parallel, which had the advantage 
over a single low impedance line that something 
like an optimum ratio of inner to outer conductor 
could be maintained. 

Since it seemed mechanically desirable to sup¬ 
port both the dee and the rotary condenser stator 
assembly on sets of four large insulators, a four-line 
system was the natural choice. The arrangement 


shown in Figs. 1 and 2 has the advantage of per¬ 
mitting almost any desired degree of coupling to the 
oscillator without the use of auxiliary transmission 
lines. It conveniently permits an oscillator struc¬ 
ture which fits in the distance between the capacitor 
and the dee tank. 

The inner transmission line conductors consist 
of rolled sheet copper cylinders with appropriate 
cut-outs for the coupling loops, water lines, and so 
forth (Fig. 2). They are supported directly by their 
connections to the corresponding dee and condenser 
insulators. The outer transmission line conductor 
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Fig. 2. I'ransmission lines and rotary capacitor. Note slots 
in lines for coupling loops. The vertical pipes are air ducts 
for insulator cooling. 

consists of an aluminum angle frame mounted on a 
truck, with provisions for increasing its length by 
replaceable end sections. This frame is the supjiort 
for copper-lined masonite panels, reinforced on the 
edges by aluminum angles. 

To minimize r-f power losses, all steel surfaces 
exposed to r-f fields are copper-plated. Wherever 
pressure contacts exist outside of the vacuum 
systems, good contact is established by the use of 
strips of thin soft copper sheet backed by foam 
rubber pads. Oscillator doors and transmission line 
covers are lined in this manner all around their 
edges. Under pressure from suitable clamp, these 
contact strips deform to match the irregularities of 
the surfaces which they contact, hence increasing 
manifold the contact area for r-f current flow. 

The dee design progressed quite rapidly. In shape, 
it tapers from a maximum width of IS'3" to a 
width of 4'3'', at the same time thickening from a 
height of 7" to a height of 36'' at the back end 
(Fig. la), where the vacuum space bulges out 
around the pole pieces as illustrated. Its structure 
consists essentially of a copper covered frame hav¬ 
ing cross-wise reinforcing members, at the back of 
w'hich are attached four long, sturdy, threaded 
shafts. These shafts support the weight of the dee 
on the four dee insulators, the mechanical system 
being so arranged that the upper two insulators are 
under pure compression, the lower two under pure 
tension. The threads permit slight lateral and ver¬ 
tical adjustment of the dee position. The r-f current 
is carried through the insulators by means of large 
sheet copper cylinders. 

The r-f liners are simply copper sheets bolted to 
the magnet pole faces within the vacuum chamber. 
Their rear edges are crimped over the edge of the 
vacuum tank opening so that upon fastening the 
dee face plate, they contact a copper sheet lining on 


that face plate, thereby completing the r-f current 
return path within the vacuum system. On the 
air side of the dee face plate, the return path for the 
current carried to the condenser by the transmis¬ 
sion lines is formed by the transmission line housing, 
whose ends are firmly connected to the insulator 
flanges both at the dee face plate and at the con¬ 
denser vacuum tank cover plate. 

The condenser copies the 37-inch rotary capacitor 
design in its fundamental aspects.* It is similar in 
general appearance, but of course has many more 
«cts of blades as shown in Fig. 3. A total of seven 
disks, two feet in diameter, with 24 teeth each, are 
used in the rotor. The 8 stator rings with a match¬ 
ing set of blades are mounted by means of four 
cylindrical stems onto the four large insulators, 
which are in turn fastened to the condenser vacuum 
tank cover plate. The rotor ground coupling ca¬ 
pacitor consists 6t seven solid rotor disks spaced 
0.05" from a similar set of grounded disks. In order 
to prevent appreciable bypassing of r-f current 
through the steel rotor shaft, the rotor parts are 
fastened to the shaft by means of two doughnut¬ 
like zircon insulators. The shaft is hollow and car¬ 
ries water cooling through a concentric pipe ar¬ 
rangement to the sealed hollow space within the 
rotor insulator. Because of the residual capacitance 
of the rotor to its shaft, 100 or so, it is necessary 
to protect the bearings at each end of the rotor 
shaft by sets of brushes which bypass the residual ’ 
r-f current. 

The condenser rotor is mounted on the same steel 
plate as the stator insulator assembly in order to 
facilitate alignment of the two sets of teeth. The 
entire weight of the rotor is supported on a set of 
bearings fastened to this plate. It is driven by a 
removable shaft which engages the rotor at the 
other end and which also serves as a means of in¬ 
troducing the cooling water. This permits easy 
accessibility since the shell-like capacitor vacuum 
tank, and the driving shaft, together with the 
vacuum pumps, are mounted on a truck which may 
be mov^ completely out of the way on the rail 
system. The rail arrangement is shown in Fig. 1. 
In practice during repairs and overhauls, the ca¬ 
pacitor cover plate (which is also mounted on its 
own truck), remains undisturbed. As was later 
determined, the effective capacity range of this 
rotary condenser is 400 MMf to 2400 MMf- 

It should be mentioned that extensive air and 
water .cooling is provided for all surfaces carrying 
r-f current, since operation at a power level as high 
as 100 kilowatts was originally contemplated* The 
condenser stator rings and support stems are cooled 
by copper water lines solder^ to them, as are the 
insulator flanges and dee support stems* Likewise 


* F* H. Schmidt, Rev* Sci. Inst 17, 301 (1946). 
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the dee and liners have a labyrinthian network of 
cooling pipes. All such pipes at r-f potential are 
brought to sets of hose connections in the vicinity 
of the nodal region; these connecting sections also 
serve to cool the transmission lines. The water 
circuit is completed to ground potential by means 
of sets of flexible polyethylene tubing, each several 
feet long. Treated water of low conductivity is 
used here to minimize current leakage resulting 
from the dee bias voltage. 

Air blast cooling from a blower is directed onto 
the rotary condenser insulators. On its way through 
the transmission line housing the air serves to cool 
the outer panels. It finally funnels past the dec 
support insulators and le;ives the system. 'I'otal 
air flow in this system is about 2000 c.f.m. 

A major structural and electrical problem in 
connection with the resonant system design was 
posetl by the fecil-through su])port insulators used 
for both the dee and the condenser stator stems. 
These are 15 inches in diameter and 18 inches long. 
A test apparatus consisting essentially of a high-() 
quarter-wave resonant line was constructed.* At 
the open end of the line, the insulators could be 
operated under simulated vacuum and electrical 
cyclotron conditions. Over 50-kilovolt r-f could be 
developed across the insulator at 13 me by a 5- 
kilowatt oscillator. Under the most severe test 
conditions, air blast cooling of the insulators was 
found necessary. 



Fio, 3. Rotary condenaer. 


*F, H. Schmidt, High Fmumey Insulaifraiid Vacuum 
TesU* (AEC Re^tort No* MDDC-473, de- 


BrmMomt 

diAMiaod). 


The same apparatus was employed to measure 
breakdown between test condenser blades under 
conditions likely to prevail in the actual rotary 
capacitor. It was found that a 0.080" gap between 
copper or copper-plated surfaces having a reason¬ 
able polish would hold a maximum of 50 kilovolts 
at 13 me at a pressure of about 5X10""® mm. It was 
therefore exp>ected that a voltage of about 40 kv 
could be held in the operating unit. The behavior 
of the capacitor and of the insulators in actual 
practice will be discussed. 



Fig. 4. Oscillator circuit: Two of the 4 lines from dee to 
rotary condenser are shown. The filament loop couples to 
the upper and the plate loop to the lower. Ci — 500 
C 3 = 7S0 Y"* rectifier to prevent positive d.c. on grid due 

to secondary emission. 

SCALE MODEL TESTS 

The design had thus progressed a long way, 
even though a number of dimensions were not well 
established. The rotary condenser capacitance and 
the transmission line length were particularly un¬ 
certain, but because of the flexible arrangement, 
they could be easily adjusted within reasonable 
limits. For the accurate determination of these 
values, as well as for determining r-f powder require¬ 
ments and testing oscillator laj^out designs, it was 
necessary' to build a scale model of the r-f system. 
For reasons of convenience, a quarter scale was 
chosen. The resonant frequency is then increased 
fourfold and all inductances and capacitances are 
reduced by a factor of four. The frequency range is 
thus around 40 to 50 me, which is still not too high 
to be handled by ordinary triodes. For a given dee 
voltage, the required power is doubled. If an ac¬ 
curacy scaled version of the coupling arrangement 
is used, the impedance as seen by the oscillator is 
halved, the Q of the scaled system being one-half 
the Q of the actual system. 

The criterion used for determining the capaci¬ 
tance and line length, besides that imposed by the 
frequency range, was that the capacitor voltage 
should not exceed the dee voltage at the highest 
frequency. This is, of course, realized if the mini¬ 
mum capacity of the condenser just equals the 
effective capacity of the dee. The basis for this ad¬ 
justment of the resonant system is that since the 
insulators are the weakest link in the r-f system, it 
is preferable to arrange matters so that the con- 
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denser insulators are not under any worse condition 
than the dee insulators. 

The scale model tests immediately showed that 
under such conditions the line length in air would 
have to be about 10 feet; at 12.5 me the required 
capacitance would then have to be 700 [l^I ; at 10 
me it would have to be 1850 M^f- The dee and con¬ 
denser voltage became equal at about 13.5 me where 
the minimum capacitance is 500 M^f' This indicated 
that the effective dee capacitance would be 500 M^f* 
even though a capacitance measurement indicated 
it to be 1600 /x^f* To the extent of this difference, 
the dee acts as a line, because of its appreciable size 
relative to a wave-length. 

THE OSCILLATOR 

The choice of a grounded grid oscillator was an 
almost foregone conclusion in view of the unequalled 
success of this arrangement in all recent Radiation 
Laboratory r-f installations requiring high power at 
moderately high frequencies. The oscillator circuit 
was chosen identical to that of the 37-inch oscil¬ 
lator,^ since this type of circuit produces the de¬ 
sired* r-f voltage rise during acceleration (Fig. 4). 

The oscillator unit is mounted on rails so that 
it can be rolled away from the dee stem enclosure 



Fig. 5. Front view of oscillator with doors open. Anode 
water jacket is in lower right-hand corner, gricT grounding 
capacitors in upper right, filament chokes and filament loop 
phase epn^tmg capacitors in upper left, and filament trans¬ 
former in lower left. 

»D. Bohm and L. I. Foldy, Phys. Rev. 72, 645M>61 (1947). 


for major servicing or replacement. The oscillator 
enclosure is made of J" steel. Consequently, this 
house serves as a magnetic shield for the oscillator 
tube. A crude replica (tV size) was tested by the 
magnetic measurements group, using the scale 
184-inch model magnet, and this shielding was 
found sufficiently effective, the field being cut from 
140 gauss to less than 20 gauss. This is further re¬ 
duced at the 9C21 elements by means of a steel 
sleeve over the cooling jacket. The magnetic force 
on the oscillator housing amounts to 450 lb. I'he 
bousing and comp)onents are shown in Figs. 5 and 6. 

The choice of a 4-line resonant system makes it 
very easy to couple plate and cathode loops thereto 
with the shortest possible uncoupled lengths. These 
emerge through the rear wall of the osc illator box, 
each opposite a transmission line, and fit into slots 
cut in those lines to achieve maximum coupling 
with adequate high voltage clearance. These slots 
may be seen in Fig. 2. The end of each IcKjp is thus 
automatically located opposite the particular tube 
electrode to which it is connected. The plate IcKip 
(lower) is directly grounded to the ost'illator box 
at its other end. The high voltage power supply 
thus operates with its positive side grounded, 
eliminating the necessity of supplying low con¬ 
ductivity water to the tube jacket, the water lines 
being piped through the plate loop. The cathode 
loop (upper), which is bypassed to ground at its 
far end by means of a ring of 10 fixed vacuum con¬ 
densers (about 500 M^f total), serves as one side of 
the filament heating circuit, the other side consist¬ 
ing of 4 heavy cables passing through the loop. The 
ring of high vacuum condensers also acts as the 
cathode circuit phasing capacitor to correct for 
the phase difference introduced l>etween cathode 
voltage and plate voltage by the cathode loop self¬ 
inductance. Adjustment is obtained by exchanging 
one or more of the condensers for one or more of 
different value. 

The grid is grounded for r-f voltage by a similar 
ring of fifteen capacitors. The total capacity 

is chosen so that in conjunction with the grid leak, 
its charging time is small enough when compared to 
the charging time of the resonant circuit to prevent 
intermittent oscillation. 

In this coupling loop arrangement there exists a 
negligible amount of coupling between plate and 
cath^e circuits; consequently, that parasitic mode 
in which most of the energy is in the plate loop 
cannot .be excited- 

The degree of amplitude modulation depends on 
the plate^oop resonant frequency, decreasiRg in 
percentage as this frequency is raised as far as 
possible above the cyclotron frequency- On the 
other hand, if the plate-loop resonant frequency can 
coincide with a harmonic of the dee system fre¬ 
quency, a serious dip will occur in oscillation ampli* 
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tude a8 the f-m cycle passes through that frequency. 
Since the tube capacity and loop inductance put 
an upper limit to the plate loop frequency of about 
20 me, it was necessarily lowered by addition of the 
vacuum capacitors shown between water jacket 
and ground, until the frequency was under 18 me 
(twice the lower limit of the cyclotron frequency). 
Again, this can be adjusted by exchange of vacuum 
condensers, hence serving as a convenient means of 
control of the percentage of amplitude modulation. 

This argument does not apply to the filament 
loop, so that its frequency was made as high as 
possible by taking great pains to reduce the self¬ 
inductance not serving as mutual inductance in 
the dee circuit. This has the desirable effect of re¬ 
ducing the phase shift between cathode and plate 
r-f voltage, and of insuring that the excitation repre¬ 
sents a fairly constant fraction of the dee voltage. 
Actually, because of the dee voltage rise with 
lowered frequency th^ excitation also rises, al¬ 
though not quite so rapidly. This is desirable, since 
the tube must supply considerably more power at 
the low frequency end, and consequently requires 
more cathode driving voltage. While this power 
increase is principally due to the increase in dee 
voltage, it is also in part due to the fact that the 
condenser losses are greatest when the teeth are 
fully meshed. 

OSCILLATOR MODEL TESTS 

For the purpose of coupling loop measurements, 
it was necessary to electrically duplicate in the scale 
model the behavior of the 9C21. The only low 
power tube then available which seemed to fit the 
scale requirements, as well as having easily ac¬ 
cessible electrodes, was the 304TL. This tube oper¬ 
ates with about the same effective plate resistance 
as the 9C21, but since the load impedance in the 
model is reduced by a factor of two (because of the 
non-scaling of Q) it was necessary to use two tubes 
in parallel. This arrangement had the fortuitous 
circumstance of having scaled interelectrode ca¬ 
pacitances about equal to those of the 9C21. How^- 
ever, the 304-TL requires approximately twice the 
relative grid driving voltage. With a i-scale version 
of the coupling loops, the 304TL*s were thus under¬ 
driven by almost a factor of two and operated at 
around W percent efficiency at the low frequency 
end of the range. This corresponds to about 75 
percent efficiency in the actual cyclotron oscillator. 
Operation of the model under these conditions was 
thus much more difficult than of the full scale 
oscillator, but had the advantage that if the model 
worked, the full scale version was even more certain 
to work. Because of this non-linear scaling of 
efficiency it became difficult to predict the ampli¬ 
tude insulation shape from the behavior of the 



Fic. 6. Rear view of oscillator house showing coupling loops. 

model. The J-scale model oscillator is illustrated in 
Fig. 7. 

OPERATING CONDITIONS AND EXPERIENCES 

Initial tests of the full scale r-f system disclosed 
a re-entrant cavity resonator mode between the 
two pole pieces of the magnet with the vacuum 
tank walls as the return circuit, resonant near the 
lower frequency limit. This was easily suppressed 
by strapping the pole pieces together at their outer 
edge, it was also found that the frequency range 
did not extend low enough by almost one mega¬ 
cycle, even after extensive padding of the resonant 
system. Since the extra line section had not been 
made, the easiest solution was the removal of one 
of the two transmission lines not associated with 
the oscillator coupling system. This more than 
sufficiently reduced the frequency limits (about 10 
percent). While the effect of this change had previ¬ 
ously been measured on the model, it had not been 
seriously intended that a correction be made in 
this way. The consequent reduction in efficiency 
was of no importance, as the high r-f dee voltage 
of 40 kv was not found necessar>\ The evident dis¬ 
crepancy in transmission line length was eventually 
traced to a cumulative error of about two inches in 
various small errors in model dimensions. 

The plate circuit resonant frequency turned out 
to be too close to the second harmonic of the lower 
limit of frequency modulation, as evidenced by 
severe amplitude modulation. Considerable plate 
capacity was eventually added to improve this 
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Fig. 7. Mbdi^J oscillator using 304TL tubes. Front view. 

situation. The lack of sensitivity of the beam to 
even such severe amplitude modulation is of par¬ 
ticular interest. Figure 8 plots the amplitude and 
frequency modulations as a function of time. 

Under vacuum, some dilficulty was experienced 
as a result of discharges in the large spaces around 
the dee. It was easily shown that r-f field condi¬ 
tions can exist which permit electrons to execute 
resonant oscillations at these frequencies and the 
appearance of the discharges seem to fit such a 
theory fairly well. In the particular case of those 
discharges quite far removed from the immediate 
vicinity of the dee, where the r-f field is relatively 
weak, the picture of resonant electrons fits better 
than does the picture of the non-resonant type of 
discharge as exists in Philips ion gauges. It is sus¬ 
pected that secondary electron multiplication 
(‘*multipactor action'') may also be taking place. 
This does not preclude the Philips gauge type of 
disefiarge near the dee, since here an electron has 
ample time and energy to perform numerous 
vertical excursions during a positive r-f cycle. All 
discharges were eliminated by cutting down the 
available volume by means of perforated shields 
around the sides of the dee, by adding a grounded 
"dummy" dec, and by applying a negative bias to 
the dee. 

There is sufficient magnetic field at the rotary 
condenser to allow a Philips gauge discharge when 
positive bias is applied; a negative bias is therefore 
imperative. Fortunately the beam does not seem 
sensitive to bias, as it often was in the 37-inch 


cyclotron with positive bias voltage. The increase 
in beam obtained there may presumably have been 
due to just such a discharge which increased the 
ion supply near the ion source. 

Several days after the beam was obtained with 
but 15-kv r-f dee voltage,• troubles occurred with 
the rotary capacitor, characterized by increasing 
sparking and mechanical sticking. This was found 
to be due to warpage of the copi;>er-plate<I stainless 
steel disks used in the bypass condenser because of 
poor heat conduction. Spacings were increased, but 
this afforded only temporary relief. Cop])er replace¬ 
ment parts then became available and no further 
difficulties have occurred since their installation. 

The blade gap only holds about 30-kv r-f and 
this may be attributable to the lessened clearance 
(0.06" instead of 0.08") in the final unit, in addition 
to the severe ovqjr-all roughening of the surfaces by 
discharges taking place during bakeout and some¬ 
times during operation. Occasional water leaks oc'cur 
around the rotor insulator gaskets, but these have 
been insufficiently frequent to warrant any major 
revision. 

The r-f insulators have given no trouble what¬ 
ever since installation one year ago, though at the 
time of assembly, their fragility was evidenced 
insofar as shear forces were concerned. The care 
taken in insuring that only pure tension and com¬ 
pression forces would be apjilied was thus wx‘ll 
justified. 

The average power required for a given dee 
voltage is essentially the same as predicted from 
the model and is around 40 kilowatts for an ampli¬ 
tude variation from 20 to 30 kilovolts through the 
f-m cycle. Provision was made in the power supply 
for arbitrary amplitude modulation by insertion of 
three parallel 893-powcr triedes in the d.c. plate 
power circuit, but they have been used thus far 
only as current limiters and voltage adjusters. 
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Professor E. O. Lawrence and the staff of the 
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Fig. 8, R-f system frequency as a function of ti^. Dee 
voltage amplitude as a function of time. 


* Brobeck. Lawrence, MacKenzie, McMillan. Sj^bar, Sewell^ 
^mpaon, and Thornton, Phys. Rev. 71, 449 (1947). 
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A Method for Measuring Very High Speed Transient Currents 

A. M. Zarlm* and F. R. Marshall 
[\ S. Naval Ordnance Test Station, Pasadena Annex, Pasadena, California 
(Ret'cived October 2, 1948) 


A deflection coil suitable for use in measuring very high 
speed transient currents is described. When used with a type 
912 cathode-ray tube operated at a 15,000-volt accelerating 
potential, this coil provided a spot deflection of one inch at 
approximately 50 amperes of current. 

A mutual inductance device was constructed to extend the 
range of measurement of the deflection coil. This device con¬ 
sists of two loops of wire J'' in diameter and coaxially posi¬ 
tioned with adjustable spacing. The current under study is 

I N the course of a recent investigation of spark 
discharges, there was a need for measuring tran¬ 
sient high currents of microsecond duration. The 
use of a resistive shunt in conjunction with an 
electrostatic-deflection cathode-ray tube was not 
possible for the following reasons: 

(a) The use of a current shunt of resistance high enough to 
develop directly the necessary voltage for deflection causes 
excessive disturbance of the circuit conditions, 

(b) The use of a lower resistance shunt in conjunction with 
an amplifier proved unsatisfactory because of the frequency 
distortion introduced by the amplifier. 

A subsequent study of magnetic deflection dem¬ 
onstrated that it was entirely feasible to obtain 



Fig. 1. Deflection coil. Arrows indicate the current paths. 


•Present address: Stanford Research Institute, Trans- 
ameHca Building, Los Angeles, California. 


allowed to flow in one coil, and the other coil is connected to 
the deflection coil. 

Results are given of an analysis of the transient response of 
such a circuit, taking into account increased losses caused by 
the transient skin effect. Accurate design of a transformer and 
deflection coil system to meet specific requirements is facili¬ 
tated by the analysis. 

The deflection coil and transformer described herein has 
excellent respt^nse for transients as long as two microseconds 
in duration, 

satisfactory fidelity by allowing the current under 
study to flow in a specially designed deflection coil. 
In Fig. 1 is shown the one-turn deflection coil used 
with the current path indicated by arro>ys. It is 
constructed of copper sheet for low inductance and 
resistance. 

When used with a type 912 cathode-ray tube 
operated at a 15,000-volt accelerating potential, 
this coil provided a spot deflection of one inch at 
approximately 50 amperes of current. This sensi¬ 
tivity was much too great for the application, since 
currents of from one thousand to ten thousand 
amperes were under study. 

A mutual inductance device was constructed to 



Fig. 2. Transformer and deflection coil in place 
on cadiode-ray tube. 
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Fig. 3. Response of transformer for unit current suddenly 
initiated in the primary circuit. 


extend the range of measurement of the deflection 
coil. This device consists of two loops of wire in 
diameter and coaxially positioned with adjustable 
spacing as shown in Fig. 2. The current under 
study is allowed to flow in one coil, and the other 
coil is connected to the deflection coil. If the re¬ 
sistance of the secondary is neglected, the ratio of 
current flowing in the secondary to the current 
flowing in the primary ip, is 

Viji = M/L, (1) 

where M is the mutual inductance between primary 
and secondary, and L is the total inductance in 
the secondary—including the deflection coil. 

An analysis of the transient response of such a 
circuit was undertaken to determine how closely 
the wave form of current in the deflection coil 
resembles the primary current. In this analysis it 
was necessary to consider the increased losses due 
to the skin effect of current flowing in the con¬ 
ductors. For unit current suddenly initiated in the 
primary at zero time, the secondary current is 
given by the expression 

i, - (il//L)exp(//r)^/c(//r)*. (2) 


Here 


mutual inductance between coils of the 
current divider, 

L —total inductance in the secondary circuit, 
/=*time, 

er/c(.x) = [2/(tr)*]y:«€-*dx, 

F —a “time constant” of the secondary cir¬ 
cuit giving a measure of the decay time 
due to skin effects under transient condi¬ 
tions, 


(practical units), (3) 

where 

//5 —ratio of length of conductor to perimeter 
of conductor (if the conductor perimeter 
is not' constant, use the expression 
fm/s)). 

M — conductor |>ermeability, 
conductor resistivity. 

Equation (2) is correct up to the time when current 
(initially flowing on the surface only) penetrates 
into the conductors for a distance comparable to 
the conductor radius. Thus the expression gives 
quite exactly the first part of the transient response 
(in which we are interested). A plot of Eq. (2) is 
given in Fig. 3 for values of time between zero and 
0.03Sr. 

The design of a transformer and deflection coil 
system is approached as follows: 

(a) Estimate the probable duration of the transient to be 
studied. 

(b) Chose the acceptable distortion and determine the value 
of r from Fig. 3, 

(c) Using the formula for T, determine the optimum design 
of circuit which will give the desired response. 

The deflection coil and transformer shown in 
Fig. 2 (for which microseconds) has ex¬ 

cellent response for transients as long as two 
microseconds. 
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Laboratory and Shop Notes 


Pulsed Oscillator for F-M Cyclotron* 

J. W. BURKtG. E. L. HuIIBARD, and K. R. MACKENffE 
Department of Physics, University of California. Los AngeUs, California 
October 28, 1948 

I N the 41'' f-m cyclotron at U.C.L.A., the useful fretiuency 
ranRe is 16 percent of the total cycle. Since the dee voltage 
is limited by the plate dissipation of the oscillator tubes, it 
has been possible to increase the dec voltage by pulsing the 
oscillator, so that it is in operation only during the useful part 
of the f-m cycle. 

The cyclotron oscillator using four Eimac 304-TL tubes in 
parallel has been describcnl by MacKenzie and Waithmau.* 
The pulsing has lieen obtained by replacing the grid leak 
resistor of the oscillator by the plate to cathode resistance of a 
304-TH tube. When this tube is conducting, the oscillator 
operates normally. When it is not conducting, oscillation is 
Slopped, since the grid leak resistance becomes infinite. 

A diagram of the circuit ior the control tube is shown in 
Fig. I. The loop L is inserted into the outer conductor of the 
transmission line connecting the dee and roUiry capacitor, so 
that the hxjp and coil are magnetically coupled to the tank 
cin'uit of the oscillator. The coil is tuned just Ik'Iuw the fre¬ 
quency at which the ions emerge (18 me). When the frequency 
coincides momentarily with the resonant freciuency of the 
coil, a high r-f voltage appears on the grid of the control tube 
which accordingly drawls grid current and acquires a negative 
bias. As soon as the oscillator frequency passes beyond the 
coil resonance frequency (in the direction of decreasing fre¬ 
quency), the r-f voltage on the control tube vanishes and the 
negative bias prevents the flow of plate current. The v104-TL 
oscillator tubes, however, still draw grid current, and the 
accumulating charge rapidly biases the tubes to cut off. 
The charge leaks off the condensers c\ and fa, and the control 
tube becomes conducting again after a time dependent upon 
the time constant ^i(Ci + Cj|), has been adjusted so that 
the oscillator is off during about J of the frequency cycle. 
Resistor damage due to r-f is prevented by the small con¬ 
denser 

Iltc pulsing circuit is mounted in a shielded cage which is 
connected to the grids of the oscillator tubes. This cage i.s 
mounted on insulators adjacent to the oscillator tubes. The 
cage voltage to ground is equal to the oscillator plate supply 
voltage plus grid bias. 

The repetition rate required is about 1000 c.p.s., which re¬ 
quires that the oscillator be shut off for a period of J milli¬ 
second. The time required for sufficient charge to leak off 
condensers (G+Ci) is not easily estimated, since it is a func¬ 
tion of the initial charge, which is in turn a function of the 
coupling between the loop L and the dec stem. R 2 and the 
cou^ing are adjusted empirically to give the required off time. 
The coupling is not critica! and is adjusted to give around 
1000 volts r-f on the grid. The resistor Ri is necessary to damp 
any tendency of the circuit to act as an r-f amplifier for any 
stray pick-up coining in on the filament leads. 

The 304-TH tube proved to be more satisfactory than the 
304-TL for control purposes, since it was much easier to cut 
off. Trouble was experienced ^vhen the 304-TL was tried, 
because the tube was incompletely cut off, which allowed the 
oscillator to surt oscillating before the 304-TL control tube 
d.c. plate resistance had reached a low enough value. The 
osdllator would then immediately cut off again, as in the 
usual '*blocking" oscillation caused by too high a grid leak 
grid condenser time constant 

loMStbtioii of the pulse circuit has allow^ a SO percent 
inciease in dec voltage with one-half the previous plate dissi- 



Fici. 1. OttclUator circuit. Puise operation is obtained by replacing the 
oscillator grid Irak by the romponents inside the shield. L "-loop, 
Cl -O.OOlMt, C* -0 5004Mf. Cl -250wif. C* -200^f. C» «= ISOOmif. C» »200- 
rotary capacitor, Ki«I00 ohms, Ki“lS0,000 ohms, I’l-•3t)4-TH. 
and r 5 >»fnur .RM-TL tubes in parallel. 

palion. rhe present normal average power consumption, 
under pulse conditions, is approximately 4i kw input for 12 kv 
on the dee, although the tul)es, operating with their present 
efficiency, will allowa 6-kw input. Operation at the higher power 
level is more unsteady due to frequent tripping of overload 
relays. Throughout the construction of this circuit the authors 
have been indebted to Mr. S. H. Plunkett for suggestions and 
assistance. 

♦ .'insisted by the Joint Program of the Office of Naval Research and the 
.\tomic Energy CommiMion under project number NRO22-053. 

1 K. R. MacKenzie and V. B. Waithman, Rev. Sci. ln»t. 18, 900 (1947). 


Toggle>Operated Vacuum Valve 

Ralhh O. McIntosh and John W. Coltman 
He scarf h Laboratories, WesUnehoust Elrctrir Corporation, 

East Piltshurgh, Pennsylvania 
October 21. 1948 

A SIMPLE, compact, positive-action valve has been made 
for use on high 8i)eed, high vacuum systems. The valve 
utilizes a toggle mechanism to obtiiin positive wide opening 
and high closing pressure with simple construction. A standard 
mechanical shaft seal has been found to lx: suitable for use 
with high vacuum. 

The design of the valve is shown in Fig. 1 in the open posi¬ 
tion. A circular plate (1) c.arries an O-ring^ gasket (2) in a 
suitably shaped grtxwe. lliis gasket seals against the smooth 
top surface of the lower flange (3). The toggle mechanism, 
which consists of a link (4) and a crank (.S) operated by a 
shaft (6), is connected to the circular plate by means of a screw 
(7) for adjustment of closing pressure. A lock nut (8) for fixing 
the adjustment is prodded. Maximum travel for the space 
occupi^ and a high mechanical advantage during compres¬ 
sion of the gasket are features obtained by the use of the toggle 
action. A set-screw (9) is positioned in the IxxJy of the crank 
to Ixjar against the link when the valve is closed. Adjustment 
of this screw permits convenient setting of the throw-over of 
the toggle to take advantage of its inherent locking action. 

A cage is formed around the circular plate by three guide 
pieces (10) to act as a track for the plate in any position of the 
valve. The crank is set-screwed to the operating shaft (6) 
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Fig. 1. 4-iH. vacuum tonle valve. 


which rotates in a blind bearing (11) and passes out of the 
valve body through a ventilated bearing (12), being positioned 
by a thrust collar (13). The shaft seal uses an assembly (14) 
which is commercially available* in a variety of sixes. This 
assembly iaheld in place by a sprocket'shaped screw (15) and 
is sealed on the outside rim of its metal frame by a Neoprene 
gasket (16) which is compressed by screwing in the ring (17) 
against a washer (18) which is slotted to clear the sprocket- 
shaped screw. The shaft is inch larger in diameter than the 
manufacturer recommends. If these sealing assemblies were 
obtainable with a Neoprene gasket bonded to the metal rim, 
the arrangement of the shaft seal could be greatly simplified. 
The assembly has been successfully mounted by soft-soldering 
it directly to the end of a simpler shaft bearing instead of using 
a clamping arrangement but great care is required during the 
soldering. 

Several valves of this design have been in use for more than 
a year with very satisfactory results. The valve was intended 
to be used such that, when closed, the air pressure on the 
circular plate would tend to compress the seating gasket, but 
in practice no such precaution is necessary. A rough-down 
connection (19) was provided to reduce the pressure prepara¬ 
tory to opening the valve. This is iiseful to r^uce the amount 
of gas admitted to the diffusion pump in the system, but the 
valve can easily be open with atmospheric pressure tending to 
hold it closed. 

* The O-ringB u«d here were obtained from Linear. Inc., Philadelphia, 
Pennsylvania. 

»The shaft seal assembly used here is a "Type L Garlock Klosure." ob¬ 
tained from the Garlock Packing Company, Palmyra. New York. 


Note on Constant Current Regulators 

E, R. Minett,* D. a. MacRae,** and J. Townsend*** 

Carbidf and Carbon Chemtcals Corporation, Oak Mtdge, Tennessee 
October 21, 1948 

^^UMEROUS measurement and instrument problems 
require the establishment of a source of constant direct 
current. Current regulating circuits have been described in 
the literature^ which are variations of the standard electronic 
voltage relator. In the case of a constant current regulator, 


the controlling voltage is the difference between the potential 
drop across the load, or across a series resistor in the current 
output line, and a reference voltage derived from a gas regu¬ 
lator tube. 

The above circuit works well in principle. However, in prac¬ 
tice it is frequently difficult to obtain a potential drop-current 
relationship in the series resistor or load which will not change 
with time as the resistor heats up. The essential difficulty 
arises from the fact that the dropping resistor must carry the 
full regulated output current. Considerable wattage must be 
dissipated if large currents arc to be handled and when a sub¬ 
stantial voltage drop is desired. If ordinary wire-round re¬ 
sistors are used, it is found that ambient temperature control 
- must be provided, even with resistance wire which has a low 
temperature coefficient. This is inconvenient and frequently 
expensive. 

In the course of improving the current regulation in a mass 
spectrometer magnet supply, it has been found advantageous 
to use an incandescent lamp filament as the dropping resistor. 
The filament is operated at incandescence, so that the heat 
losses are very largely radiative and independent, within 
a few parts in ten thousand, of normal variations in room 
temperature. Because of the low heat capacity of the filament, 
equilibrium is reached within several seconds. Because of 
their non-linear voltage-current characteristic, for a given 
change of current tungsten lamps furnish approximately twice 
as much signal voltage to the regulating tubes as do linear 
resistors operating at the same voltage and current. 

It has been found possible to regulate a 250-ma current to 
2-3 parts in 10,000 over periods of many hours, using a 25-watt, 
inside-frosted, gas-filled, tungsten Mazda lamp as series 
resistor, a VR-90 to provide the reference voltage, a 6SJ7 as 
control tube, and parallel 807’a as series regulator tubes. 

* Now at Radio Corporation of America, RCA Victor Division, Camden, 
New Jersey. 

•*Now at Warner and Swazey Observatory. Case Institute of Tech¬ 
nology, Cleveland, Ohio. 

**• Now at Washington University, St. Louis, Missouri. 

» Alfred O. Nier, Rev. Scl. Inst. iC 402 (1947), Fig, 5. 


A Lock-In RC Oscillator 

W, C. Elmore and D. Bancroft 
Swarthmore ColUge, Swarthmore^ Pennsylvania 
November 30, 1948 

R ecently, in connection with the design of a laboratory 
time standard the problem occurred of converting a 
continuing sequence of regularly spaced pulses into a sinu¬ 
soidal wave. At low audiofrequencies—for instance, 50 c.p.s,— 
inductors with high Q'» are impracticable, so one cannot use 
tuned LC circuits for this purpose. It is possible, of course, to 
employ an electromechanical filter such as an electrically 
driven tuning fork. If one contemplates securing a series of 
frequencies in the low audio range, this solution to the problem 
does not appear attractive. We have found that a satisfactory 
way of converting pulses to sine waves is by means of an 
electronic oscillator whose frequency is locked to that of the 
non-sinusoidal wave form. The use of such a loch^in oscillator 
for this purpose is certainly not new. The circuit devised by us, 
however, possesses several novel features which make it worth 
describing^here. It will be assumed that the oscillator has im¬ 
pressed on it a periodic signal consisting mostly of fundamental 
component. Since it turns o(it with the circuit deviaed that a 
signal of only one-tenth of a volt it satisfactory for a liable 
ft^uency lock, erne Can remove a oonsiderable fraetkm of the 
high frequency otunponents by a umfAei RC fUter, wiMt ^ 
can serveas part of an attenuator. 



LABORATORY AND SHOP NOTES 


137 



Fig. I. lxx:k~in KC osctUator for 50-c.p.a. upc^ratfon. 



Fic. 2. Locking characteristics of oscillator. 


The basic oscillator circuit is a modihcatiun of the much- 
used Wien-bridge circuit.* The present circuit, Fig. I, differs 
from the conventional one in that the feed-back loop is com¬ 
pleted by a r^nerativc connection between the cathodes 
of two triodes. The regenerative path consists of a 3-watt, 
110-volt lamp that serves to stabilize the amplitude of oscilla¬ 
tion within the range of linear (Class A) operation of the tubes. 
The arrangement adopted leaves the grid of one tube (T-1) 
free for the injection of the locking signal. In addition, the 
plate circuit of the other {T~2) has a considerable degree of 
isolation from the remainder of the circuit, and can serve as a 
source of the sinusoidal output signal. (The isolation would be 
nearly perfect if a pentode were used for T-2,) The variable 
portion of the cathode resistor Rk permits setting the regenera¬ 
tive feedback at a point where resistance changes in the lamp 
serve to stabilize the amplitude of oscillation. It is found ex¬ 
pedient to set the amplitude of oscillation in the absence of 
an injected signal at a low level. The reason for this choice will 
become evident in subsequent discussion. 

Ilie resistors and capacitors in the Wien-bridge network 
(/?, C) are so chosen that the frequency of oscillation is close 
to that of the input signal. Part of one or of both the resistors 
may be made adjustable to permit fine tuning of the oscillator. 
The resistance R should be high compared with the plate¬ 
load resistance Ri to minimize the effect on frequency of 
changes in plate resistance. The values given in the figure 
have been found suitable for 50-c.p.s. operation. 

Grid bias for T-l is obtained from a tap on the cathode 
resistor /?*. Bias for T-2 is furnished by the IR drop across the 
lamp. 

Let US now consider the operation of the circuit when a 
periodic signal of nearly the same frequency as the natural 
frequency of oscillation is applied to the grid of T-l. If the 
signal has sufficient amplitude—^a tenth of one volt is sufficient 
if the injected signal has a more or less square wave form, the 
frequency of os^latlon locks to that of the injected signal 
and the amplitude of oscillation increases. The increased 
^gnal amplitude has an important consequence in that it 
cames the resistance the lamp to increase beyond the value fuU 
fiiUng ihe camdUion for osciUaUon, The circuit becomes, in 
effect, a band-pass amplifier whose gain is gi^tly magnified 
by regenerative feedback. As long as the signal am^itude 
maintains the resistance of the lamp above the value required 
for sponlEneous asoillation, the circuit responds chiefly to the 
fundamental frequency component of ^e injected signal. 
It is not possible for it to oscillate at its own natural frequency 
which may differ slightly from that of the input signal. -In 
pdictke it ts found that the breadth of the resonance curve 
(of band-pass amplifier) Is suffident that the 

aatfiiiml frequency of oscillation can depart several percent 
drat a square-wave input signal before the circuit 


breaks into its own mode of oscillation. The loss of control is 
very definite when it occurs and results from a decrease in 
amplitude of the amplified signal which, in turn, reduces the 
resistance of the lamp to the value fulfilling the condition for 
oscillation. 

When the magnitude of the input signal is held within suit¬ 
able limits (0.05 to 0.2 volt), the output signal appears to be 
sinusoidal when viewed on a cathode-ray oscilloscope. No 
measurements have been made of the small amount of har¬ 
monic distortion that may be present. 

The stabilizing action of the lamp tends to reduce variations 
in the amplitude of the output signal for smalt changes in input 
level and for small frequency deviations. This feature is il¬ 
lustrated in {a) of Fig. 2 which shows a plot of output voltage 
against input voltage when the input frequency and the 
natural frequency of oscillation (50 c.p.s.) coincide. For the 
purpose of this test the input signal was made sinuscndal. 
In (6) of the same figure are shown the frequency limits within 
which the output signal stayed within 70 percent (3 db) of 
the maximum occurring at 50 c.p.s. In these tests the r.m.s. 
amplitude of free oscillation was set at five volts. Definite 
failure of locking occurred when the frequency departed 
sufficiently from 50 c.p.s. for the amplitude to drop to about 
5 volts. 

It should be noted that the resistance of the lamp depends 
l>oth on the direct current and the alternating current through 
it. For this reason the plate supply voltage should be stabilized. 

»F. E. Terman. R. R. Bum. W. R. Hewlett, and F. C. CahiU. Proc. I.R.K. 
27, 649 (1939). 


D.C. Hat Card Resolver 

R. G. MUftDICK 

Afrpnautics and Ordnance Sytkme tHvision, General Bteeirk Company, 
Schenectady, ifem York 
August 9, 1948 

T he purpose of this paper is to introduce an accurate, 
comi»ct, and inexpensive d.c. resolver. Methods of 
producing in d.c, computing networks voltages proportional 
to the sine and cosine of the input angle have frequently 
involved either the use of more equipment than is desirable 
or loss of accuracy. Df all known devices, the most compact is 
the flat card resolver witb four brushes to give disine 9 and 
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dbcos where $ is the angle of rotation. (See Fig. 1.) The 
brushes are ilisplaced 90° from each other. The amount of the 
resistance of M measured from ground that is subtended by 
the brush at 1 is proportional to sine 0 and that subtended by 

2 is proportional to cos 0. Similar relations hold for brushes 

3 and 4. 

If the total resistance of the resolver is 2/?, then the ratio 
of the resistance load on one brush to the resistance of the 
resolver between a terminal point and ground is a and is called 
the cascade ratio. If a is large, this device is excellent. How¬ 
ever, in many computations a is necessarily restricted to 
values below ten. A plot of the errors for various cascade 
ratios is shown in Fig. 2. These errors were computed by usual 
loop analysis methods. Figure 3 shows the schematic form of 


• (oeoffEcs) 



Kic. 2. Error for four-brush rr»olv«fr. Cascade ratios of 1,5, 10, and 20. 



Kio. 3. Schematic diagram of section resolver used for loop anatysis. 


the network on which the set of equations required to de¬ 
termine the output voltage was based. 

{aR-\~R sintf)ti — R sindt2**0, 

“ R co»0)ii—aRiz^Of 

~^aHit-^ZR{ \ — cosd)-f 

This set of equations is solved for ii and e is determined as 
iiaR. Since it i.s desired that c/A'«8ind. the error plotted in 
Fig. 2 is obtained by plotting [(f/£)—sind] versus 0. From 
these results, it is apparent that with a cascade ratio as high 
as ten, the error is of such magnitude as to preclude this type 
of resolver in the design of accurate computing nets. 

In Fig, 4 a modified flat card resolver is shown that is ap¬ 
proximately ten times as accurate as that in Fig. 1 when the 
cascade ratio is three in each case. 

If a*3 and the resistances kaR are connected at the points 
0*^45® and k is chosen so the loading error is zero for 
^“±45°, then the loading errors are shown in Fig. 5. These 
errors were computed by a loop analysis similar to that shown 
above for the resolver shown in Fig. I. Thus k is determined by 
the relationship necessary to give the proper voltage division 
at ^ * ±45°, i.e.» 

ifc«(v7-l)/2. 

A comparison of the errors shown in Fig. 5 to those shown 
in Fig. 2 for a cascade ratio of three indicate the great gain 
in accuracy through use of the modified flat card resolver. If 
only two o( the trigonometric functions are desired, dummy 
resistor loads may be attached to the remaining brushes. 

In Fig. 5 it is apparent that the positive error is numerically 
greater than the negative error. By varying ife, the positive 
and the negative values of the error may be made equal, thus 
reducing the variation in output from the desired output still 
further. 

Why was 45° chosen as the point to tie in the resistors? The 
45° point was originally chosen since the error was maximum 
at that point in the simple type resolver (sec Fig. 2). Although 
several other points were tried after this, the range of the 
error was not decreased. However, since the methods used 
here were numerical rather than analytical, it is not implied 
that the 45* point is the best. 

The use of four resistors is a considerably more difficult 
problem to solve since it involves choosing values of the re¬ 
sistors and points of tie-in both. In addition* there is the de¬ 
sign difficulty in making the additional taps on the resolver 
winding. 

In the actual manufacture of the resolver, the wire Is wound 
on a flat card of resin-bonded, glass cloth laminate. The 
wire is wound on the card by servo-controlled irinding ma¬ 
chines that are capable of winding wire with a diameter vary¬ 
ing from 0,0015 inch to 0.0063 inch with resiitanot varyi^ 
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Fir,. S. D.c, resolver error. 


from 290 ohms per foot to 7.4 ohms per fool, 1 his wire is 
wound with turns as close together as practical; usually a 
space factiirof 70 percent to 80 percent is obtained. A stencil 
exposing a circle for the brush track is laid against the wound 
card and the exposed insulation is buffed off. The brush at the 
end of a springlike arm is of a gold and platinum alloy, Paliney 
No. 7, with a rounded contact point. With present servo wind¬ 
ing machines, the sides of the square cards may be varied 
from 1.5 inches to 2 inches. 


Use of Characteristic Curves for Pump- 
Speed vs. Pressure 

Saui. Durhman 

RfSforch Laboratory, Grneral Ekclrit: Company, fnc., 
Schenectady. New York 
December 6, 1948 

I N many cases it is of interest to be able to derive from the 
speed characteristic of a pump the total peruxi of time 
required to exhaust a system from atmospheric pressure to 
some very low value. The following discussion is intended to 
describe a method that may be used for this purpose. 

Let volume of system, value of pressure in the 
system at any instant of time, /, and 5"speed of pump. The 
latter is defined by the relation 

where P/-ultimate pressure. Since this is usually much less 
than P, we can write the last relation in the form 

-r(dP/df)"5P. (1) 

This can be written in the form 

df--(T/5)(dP/Pdf). (2) 

Hence 

tt-h^vf^ynP/S), (3) 

where Pi and P% denote the values of P at ti and fi, respec¬ 
tively, and h>^u Pi>Pif and In denotes the natural loga¬ 
rithm, 

!n geneml, 5 is jrfotted on a linear scale versus log P and 
cannot be expressed as a simple function of P. But Eq. (3) 
indkates that if 1/5 is plotted versus P on semilog cross-^- 
tlon paper, then can be derived by merely measuring, 


or calculating in some approximate manner, the area under 
the curve for 1/5 versus iog P between the limits Pi and Pi, 

Obviously, the calculation becomes very simple for the 
range Pi to P 2 for which 5 is constant. In that case 

f2-fi"(2.30K/5) log {P 1 /P 2 ), 

where log denotes logarithms to base 10. 

For the other ranges of pressures, in which the value of 5 
varies with the pressure, mechanical integration may be used, 
or an equivalent method. 

I'he value of ih‘^ii)/V gives the time per unit volume, 
and the units are the same as those used for expressing 5. 
Thus, if the latter is given in cubic feet per minute, then 
(ft—b)/K gives the period of pumping down in minutes 
per cubic foot. 


A Method of Assessing Transient Stresses 
in Photoelastic Substances 

JOffM S. Staivton 

Naval Ortina^icf Test Station, Pasadena Annex, Pasadena. California 
Ot»c<*mb<'r 6. 1948 

A NOVEL methfxl has been found for measuring the tran¬ 
sient stresses w'ithin photoelastic substances when the 
latter are subjectetl to d>^namic loading forces of any type. 
The methixl consists essentially of combining techniques of 
the conventional static photoclasticity and of the spark 
shadowgraph as used in the study of air shock waves. 

A photograph (Fig. 1) is obtained of the instantaneous 
photoelasiic pattern by use of a critically damped spark which 
gives an exposure time of the order of 1/10 microsecond. The 
mode! is mounted in a conventional manner as for static 
photoelastograms. The photograph may be taken either by 
camera or shadow. 

The model ma>' be dynamically loaded in various ways as 
by transmitted shock, electrodynamic pulsing, collision, and 
St) on. I'he mcxlel shown here was dynamically loaded at the 
left end of the "neck” (already shown deformed) by a steel 
ball having a vekxrity of some 400 feet/second. The stress 
wave has traveled down the neck as a nearly plane wave, 
spreading into the widened portion in the complicated fashion 
shown. This photograph is a shadow picture of the model, 
and plane polarized light was used to illuminate the model.* 

A lime delay, variable to alter the time between initiation 
of Itjading and exposure, is provided by a conventional multi¬ 
vibrator circuit built into the shadowgraph employed for this 
photography.** 



Pig. 1. Transient photoetastogram. Exposure; 10*^ second, taken 36 
microseconds after coUUion with a st«el ball at the left end of **neck,** 
Model: Plexiglas. 9/16'' thick by 3" 
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Any type of photoelaatic substance is susceptible to the 
method here described. The author has employed gelatin 
models to detect air shock impinging on a photoelastic me¬ 
dium; the model used for the photograph shown here was 
Plexiglas. Non-photoelastic substances in the elastic region 
can be studied by the use of photoelastic models if a simple 
change of time scale is made. By the bonding of photoelastic 
elements to various points of a non-photoelastic structure, 
it is possible to extend the study beyond the elastic limit. 

* Author dealretj to acknowledge the aid of Dr. D. S. Clark, Colirortiiu 
Institute of Technology, and of Dr. W. M. Cady of this station in suggesting 
this and other valuable experiments. 

**The shadowgraph employed for this work was desired by Mr. D. G. 
Marlow and Mr. C. R. Nisewanger of this station and kindly loaned to the 
author for bis use. 


Kovar Glass Seals at Liquid Helium Temperatures 

C. T. Lane 

Sloane Physics Laboratory, Yale Univ^sity, New Haven, Connecticut 
November 22, 1948 

I N recent months several inquiries have been received by us 
concerning the problem of metal to glas.s seals usable at 
the temperature of liquid helium. A brief summary of current 
practice in this laboratory may therefore l>e of some use to 
other workers in the low -temperature field. 

We have found the Kovar to l*yrex glass type of seal very 
satisfactory for use in the liquid helium region, ^th above and 
below the X-point, and we are now using this type of seal ex¬ 
clusively in all our work. Our chief source of supply for these 
seals has been the Stupakoff Ceramic Company, Latrobe, 
Pennsylvania, although, on occasion, we have made use of 
seals fabricated by our own glassblower with equally satis¬ 
factory results. 

We have not had any experience with this type of seal in 
sizes much above J-inch diameter, but there does not appear 


to be any reason why the larger sizes would not work equally 
well. In addition to single seals we have on occaiuon used 
double ones, i.e., a Kovar tube joined to glass at both ends and 
this latter form has proved equally successful. 

The Kovar seal has shown itself to be exceptionally rugged, 
much more so than the copper-glass **Housekeeper*' seal 
where, of necessity, the metal has to be very thin at the joint. 
The resistance of the Kovar seal to repeated thermal shock 
is also very good. Our current practice is always to have the 
apparatus in our helium Dewars at liquid nitrogen tempera¬ 
ture (77*K) prior to filling with liquid helium at 4.2'’K. In 
so doing the Kovar seal experiences a sudden drop in tempera¬ 
ture of over 70‘*C in a minute or so and in some cases the same 
seal has been used a number of times without failure. We have 
used these seals in the helium II region without detecting any 
porosity to the superfiuid, which is a very severe lest. 

We have also used these seals as *‘lead-ins'* through the 
metal cap on the Dewar flask, the metal section being either 
soft soldered or silver soldered to the cap with the glass section 
then immediately inside the Dewar. This is a much more 
6ati8factor>^ procedure than bringing the glass tube directly 
through the cap and using a rubber washer, wax, or shellac. 
We have also found the small Kovar-glass terminals supplied 
by the Stupakoff Company invaluable for bringing electrical 
leads into the Dewar through the metal cap. Due to their 
small size a large number of separate wires may be introduced 
into even a small Dewar, with excellent insulation. Since these 
terminals are soldered directly to the cap, excellent vacuum 
tightness can be attained in the flask. 

There is one drawback to the use of Kovar glass seals, 
namely, the fact that Kovar is ferromagnetic which would 
preclude the use of such seals in some work. I'here are, how¬ 
ever, many more applications where the magnetic properties 
are unimportant. Also since Kovar copper produces large 
thermoelectric effects, it is preferable to use lead-in terminals of 
the hollow tube type* rather than of the solid rod type in 
measurements where thermoelectric effects are important. 
The copper wires can then pass through the Kovar tube into 
the flask and be sealed to the tube with a drop of solder. 

* I am indebted to Dr. R. T. Webber for thU auggestion. 
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W. A. midhack: Aasociate Bditor 
in Cbar«c of this Section 

National Bureau of Btaadardi, Washington, D. C. 

I'hese descriptions are based on information supplied by the manufacturer 
and in some cases from istdependent sources. Thk Rkvikw assumes no re¬ 
sponsibility for their correctness. 


Ultrasonic 

Generators 


Central Scientific Company 
announce two new models of 
ultrasonic generators. They are 
portable, popularly priced, and generate high power. 

These new ultrasonic generators are stable, efficient, and 
easy to operate for physical, chemical, biological, and industrial 
research or control. 

The Ultrason generates mechanical energy in the crystal 
holder to vibrate stjHds, liquids, and gases. 

Typical uses in chemical reactions and in other applications 
are: 


to activate OKoue to peroxide; 

to remove fatty acids from acmirefined oils; 

to emulnify oilg; 

to disperse pigments; 

to accelerate extractions; 

to hasten or retard growth of bacteria, mold, and enzymes. 



cally lengthened and shortened the day by a few thousandths 
of a second. The new method offers an invariant master clock 
against which the variation in timekeeping of the earth could 
\>e measured. 

This first atomic clock has run with a constancy of better 
than one part in 20 million and is already being improved. 
By use of the proper atomic system a potential accuracy of a 
part in ten billion is theoretically indicated. 

Because it is a standard of frequency as well as of time, the 
new method may be applied to the precise control of radio* 
frequencies, eliminating the “drift" allowances in present 
band-width allocations, and thus providing additional room in 
the ultra high frequency bands. The maximum utilization of 
available space in the radio spectrum depends on the accuracy 
with which the frequency of an individual station can be con¬ 
trolled, especially at the higher frequencies where quartz- 
crystal control cannot be used. The.se higher frequencies, 
which are used by radar, television relays, and microwave 
equipment, could be controlled by atomic elements. Such 
control would also make possible the permanent establishment 
of radio channels on such an exact basis that tuning could be 
made as automatic as the dialing of a telephone number. 

Based on a principle developed by Dr. Harold Lyons, 
Chief of the Microwave .Standards Section of the Bureau’s 
Central Radio Propagation Laboratory, the new clock was 
constructed under his direction and with the assistance of 
B, F. Husten and E. D. Heberling. According to Dr. E. U. 
Condon, Director of the National Bureau of Standards, the 
method should prove an invaluable tool for basic research 
and will affect every technical field where precise measure¬ 
ments of time and frequency are crucial. 

In recent years, vibrations of atoms in molecules, giving 
rise to molecular spectrum lines, have been found in the 
very high frequency (microwave) region of the radio spectrum. 
Very precise measurements of these lines are now possible by 
using extremely sensitive radio methods. When it became 
evident that such spectrum lines could be used as new primary 
frequency standards, scientists at the National Bureau of 
Standards began seeking a means of utilizing one of these lines 


The U-300 Ultrason crystal delivers 300 watts of mechanical 
energy to the oil bath. A maximum of 10 watts of power per 
square centimeter of crystal area (a 76-mm crystal) is permis¬ 
sible without fmeture of crystal. Th^ crystal oscillating circuit 
is energized by 900 watU supplied by the low Voltage, high 
frequency generator from a 115-volt, 60-cycle line. Model 100 
Ultrason dcUvem a maximum of 6 watts at the crystal. Both 
units operate at 450 kc and provide instant and accurate 
reproduction of power and frequency conditions. The units 
are provided with built-tn safety features and are designed for 
continuous operation and trouble-free service.— Central 
Scientific Company, 1700 Irving Park Road^ CkUago, Illinois, 


Atomic Clock » radical departure from all 

conventional methods of meas¬ 
uring time, an atomic clock—invariant with age and for the 
first time independent of astronomical observations—^haa been 
developed by the National Bureau of Standards. Based on a 
constant, natural vibration frequency of atoms in the am¬ 
monia molecule, the atomic dock is a scientific achievement 
which offers an entirely new primary standard of frequency 
and time. The principle of the atomic dock promises to free 
man from age-old methods of fixing time by the daily rotation 
of the earth on its axis as it revolves around the sun, Not only 
does the new dock promise to surpass in accuracy any time 
moafurement heretofore known, but the primary standard, 
the mrAi is very gradually slowing down. In addition, un- 
fluctuations in die rate of rotation have sporadi- 
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to control an oscillator^ which in turn could be used to drive a 
clock. Because the resulting equip^^nt, the atomic clock, is 
controlled by the invariable molecular system of ammonia 
gas, it is independent of astronomical determinations of time 
and unaffected by temperature, pressure, and aging. 

The National Bureau of Standards atomic clock consists 
essentially of a quartz crystal oscillator, a frequency multi¬ 
plier, a frequency discriminator, and a frequency divider, all 
housed in two small cabinets on the top of which are mounted 
a special 50-cycle clock and a wave-guide absorption cell— 
30-foot copper tube wound in a compact spiral around the 
clock and filled with ammonia gas. The crystal oscillator 
generates a fundamental driving signal at a low radiofre¬ 
quency. A frequency-multiplying chain transforms this into 
a microwave (very high frequency) signal, which is then com¬ 
pared with a natural vibration frequency of the ammonia 
molecule. If these two frequencies are different, an ‘‘error 
signal" adjusts the oscillator to bring them into agreement. 
The oscillator which is inclined to "drift" slightly with age— 
that is, change in frequency—is thus "locked" to the ammonia 
molecule. It can then control an electrically driven clock with 
extreme accuracy. 

Present time and frequency standards are based on astro¬ 
nomical determination of the period of rotation of the period 
of rotation of the earth. Essentially, a telescope is pointed 
toward a star, and the interval between the exact moment it 
passes the cross hairs until the exact moment 24 hours later 
that the star reappears is taken as the standard of time, 'llie 
"twinkling"* of the star, which makes its position difficult to 
fix, affects the accuracy of such measurements. The atomic 
clock gives a time standard of high precision continuously 
available in any interval of time desired instead of every 24 
hours, whether it is a millionth of a second or ten hours. More¬ 
over, the atomic clock is invariable so that a given interval of 
time, whether measured today or a hundred years from now is 
truly reproducible. The atomic method automatically and 
continuously controls the rate of the clock without delay or 
human intervention and is independent of weather. 

Another advantage of the atomic method is that if an atomic 
clock were run continuously over a (period of a year, our 
knowledge of the length of the year could be improved. The 
time it takes the earth to travel around the sun (a year) is 
completely independent of the lime it takes the earth to 
rotate once on its axis (a day). This independence causes all the 
trouble with the calendar, necessitating leap years so that 
the seasons will always come at the same time during the year. 
With an atomic clock measurements could determine whether 
the mean sideral year is more accurate than the mean solar 
day, as some astronomers believe may be the case. 

In terms of the regular 24-hour-day broadcasts of time and 
frequency by the National Bureau of Standards, which serve 
the nation and much of the world for standards <jf radiofre¬ 
quencies and time, an atomic clock means a precision of l>oth 
time and radiofrequency standard signals hitherto impossible. 

The atomic clock gives the Bureau a time standard an¬ 
alogous to the Bureau’s new atomic standard of length fur¬ 
nished by the single isotope of mercury which, if adopted 
internationally, will provide man with the ultimate standard 
of length. Both of these recent developments stem from the 
application of atomic physics to practical problems.—N a¬ 
tional Bureau of Standards, WaskingUm 25, D. C. 


Hydrostatic ThU mechanical, self-record- 

Impulse Gauae ^ lowered into a 

^ weff or connected to a pressure 

chamber to measure directly the total impulse per unit area 
generated by presnire waves resulting from underground ex¬ 
plosions or other high pressure sources. In operation, the 



hydrostatic impulse forces mercury through a capillary passage 
and into a collector; the weight of mercury discharged is 
proportional to the impulse per unit area in p.s.i.-scc,, from 
10 to 400 p.s.i. The gauge is entirely self-contained and of 
simple construction,*for convenience in field use. Its applica¬ 
tions include geophysics, internal combustion studies, blast 
damage determination, and water hammer research.— Engi¬ 
neering Research Assikiates, Inc., St Paul 4, Minnesota, 


Radioactivity 

Demonstrator 


Tnicerlab has developed its 
new radioactivity demonstrator 
in response to the need for an 
inexpensive instrument for teaching basic principles of radio¬ 
activity in high schools and colleges. Radiation is indicated by 
three different means; bj* loudspeaker, by a flashing neon light, 
and quantitatively with a counting rate meter. The meter 
reads in counts per minute and will indicate up to 2500 counts 
per minute. This instrument has sufficient accuracy to permit 
carrying out simple classroom and laboratory demonstrations 
of basic principles of radioactivity. 



A removable shield is mounted in front Of the Geiger tube, 
to cortiplctely eliminate beta-rays when it is desired to measure 
only gamma-radiation. A switch permits the meter also to 
indicate the voltage across the Geiger tube which can be 
varied from about 500 to 1100 volts. The instrument operates 
on 110 volts a.c. 

Sources of beta- and gamma-activity are included at no 
extra charge, together with an instruction manual, esqjeri- 
ments, and a discustion of radioactivity suitable for use in 
elementaiy lectures* With the radioactivity demonstrator it is 
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possible to illustrate some of the properties of beta* and 
gamma*radiation8, take background readings, plot the char¬ 
acteristic Geiger tube curve of counting rate versus applied 
voltage, and to make rough qualitative checks of the amount 
of radioactivity in various natural substances. For additional 
information and price, write for the Radioactivity Demon¬ 
strator Bulletin.— Tracerlab, Inc., 55 Oliver Street^ Boston 10, 


'I'he International Rectifier 
Corporation has developed a 
complete new line of selenium 
rectifiers covering the range from 2 volts and 150 milliamperes 
to 5000 volts and 10,000 amperes. The individual plate sizes 
range from IF'XU'^ to 

The individual selenium plates are capable of withstanding 
24 volts r.m.B. maximum in the reverse direction and can be 
overloaded up to 10 limes rated load for periods of 7 seconds 
or less. The characteristic.s are also extremely stable since 
the leakage is less than 1 ma/cm* at maximum reverse voltage. 
Efficiency varies from 65 percent to g5 percent depending 
upon the circuit employed, and the change in voltage is less 
than 5 percent after the first 10,000 hours of operation.— In¬ 
ternational Rectifier Corporation, 6S09 S. Victoria Ave., 
Los Angeles 43, California. 


Massachusetts. 


Selenium 

Rectifiers 


Civilian 

WaUde-TaUdes 


Portable radio transceivers for 
public use between homes, auto¬ 
mobiles, offices, plants, farms, 
and many other person-to-person radio telephone applications 
are now in pilot plant production by the Citizens Radio 
Corporation which has received the first F.C.C. type approval 
for equipment to be used on the 465-megacycle band alkx^aied 
for civilian use. 

The equipment is one-fourth the size of the famous wartime 
walkie-talkie, and is the result of more than two years of 
research and engineering in which many new techniques, in¬ 
cluding subminiature tubes and the use of silver-on-ceramic 
circuits, have been perfecteil for practical push-button, 
person-to-person radio communication for public use. 



The transceiver, two of which are required for person-to- 
person air contact, is housed in a tiny case measuring 6"X2i" 
X1 i" topped by a small folding antenna. This pocket-sized 
radio station includes all necessary equipment except a tiny 
headphone and batteries carried in a separate case about the 
size of a miniature camera. 

The model 1(X)-B citizen’s radio is a transceiver for Class B 
stations only; it operates at 465 me, tolerance 0.4, input 3 
watts, emission A-3 with 30 percent maximum modulation. 
The transmitting section uses a Sylvania 6K4 subminiature 
oscillator and the receiver is super-regenerative, using three 
Sylvania 1V5 subminiature tubes. The transceiver weighs 11 
ounces, including antenna; total station equipment, including 
batteries, is only two and one-half iKJunds. ^ Citizens Radio 
Corporation, Cleveland, Ohio, 


Vibration 

Measurement 

Equipment 


'Fhe new Massa Model 
GA-1006 vibration measurement 
equipment was developc‘d to 
meet several recent demands for 
extending both the frequency 
and dynamic ranges of generally available vibration measure¬ 
ment instruments. This new apf>aratus employs an extremely 
rugged accelerometer which is designed to give a uniform elec- 
triail output for constant acceleration over the entire fre¬ 
quency range 10 cycles to 20 kc. Its output is linearly pro¬ 
portional to mechanical vibrations corresponding to accelera¬ 
tions ranging from less than 0.001 g to more than 100 g. 



The accelerometer responds only to vibrations applied along 
its principal axis, and it can therefore be used to measure the 
absolute vector components of any vibration existing at any 
point on the structure under test. Because the phase shift 
between the mechanical vibration and the generated electrical 
voltage is independent of frequency over the entire frequency 
range to 20 kc, very accurate transient vibrations may be 
electrically reproduced without changes in wave shape of the 
vibrations. Remote electrical indications of the vibrations can 
be conveniently made, A self-contained power supply unit 
makes the equipment conveniently portable for field applica¬ 
tions. The new equipment is designed so that it can also be 
used as a wide-range sound pressure measuring instrument for 
making both conventional low level measurements as well as 
for making blast wave analyses of gunfire or other intense 
sound fields or explosions.— Massa Laboratories, Inc., 
3868 Carnegie Avenue^ Cleveland IS, Ohio, 
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Slotted Line and 
Standing Wave 
Indicator 


A new type of slotted line 
sectiont “hp—SOSA, incorporat¬ 
ing a radical departure irom 
conventional design is in pro¬ 
duction by the Hewlett-Packard 


Company. 

Slotted lines are a fundamental tool for measureinenls in 
microwave circuits. By determining the pattern of a standing 
wave in a transmission line, the character of the load may be 
calculated. Both magnitude and phase may be determined. 
In many cases^ knowing the standing wave ratio and phase is 
more important than knowing the impedence itself. 



Slotted Line 



Standing Wave Indicator 


Ute new indicator constats of a high gain ampliher having 
a very low noise level and operating at a 6xed audiofrequency. 
The output of the ampliher Is measured with a square*Iaw 
indicating vacuum tube voltmeter. The meter face of this 
voltmeter is calibrated both in dedbeJs and in voltage standing 
wave ratio. Input circuits are provided for use with either a 
crystal or harreter. Equivalent *'Q'' of the over-all amplifier is 
205. 

The instrument is powered by any 115-voJt a.c. source, 
'l^he “•hp-“415A Standing Wave Indicator operates on a 
single fix^ tuned frequency of 1000 cycles per second. How¬ 
ever, other frequencies from 300 to 2000 cycles per second 
can be supplied on special order.— Hewlett-Packard 
Company, 395 Page Mill Rood, Palo AUc^ California. 


Manufacturers’ Literature 

Teledyne and Telefligfat Instruments —Single sheet bulle¬ 
tins describe instruments of the electrical bridge type using 
bonded wire strain gauges, especially valuable in telemetering 
from aircraft and guided missiles. Teledyne pressure trans¬ 
mitters are available in ranges from 0^100 p.s.i. to 0-500 p.s.i. 
Teleflight pressure transmitters measure either positive or 
negative pressures, in ranges up to db50 p.s.i., and are es¬ 
pecially useful where small size is important. Teleflight ac¬ 
celerometers measure accelerations in ranges up to ±200 g.— 
Engineering Physics Division, Fredric Flader, Inc., 
Norik Tonawanda^ New York. 

Typt RV2 Precision Potentiometers — 8- page bulletin in¬ 
cludes specifications, photographs, drawings, and prices. 
Both linear and non-linear functional windings are available.— 
Technology Instrument Corporation, JOSS Main Slreet^ 
Waltham 54, Massachusetts. 

Silicone Flttide—31-page booklet, Dow Corning Silicone 
Note Book, Fluid Series No. 3, presents a comprehensive body 
of information on the properties and behavior of DClOO Sili¬ 
cone Fluids. Charts and graphs of properties are presented. 
—Dow Corning Corporation, Midland, Michigan. 


The — hp—SOSA substitutes two parallel planes and a rigid 
central circular conductor for the conventional coaxial ar¬ 
rangement. This configuration has several important ad¬ 
vantages over the standard slotted section. 

First, parallel planes may be made mechanically rigid while 
also providing a rigid probe carriage, ^ond, the central 
conductor is proportionately larger and thus can be similarly 
rigid, eliminating tendency to bow. The depth of probe pene¬ 
tration is much less critical and carriage inaccuracies are all 
but eliminated. 

This design also makes possible a very small effective slot 
opening. In the — hp—805A the slot opening is less than 0.001 
inch referred to a coaxial system, and this serves to keep 
leakage very low. Residual VSWR can be held to less than 1.04. 

Position of the probe is controlled with a ^b!e system 
driven by a central stationary knob. The probe circuit is 
tunable over the entire frequency range, and the position may 
be read to 0.1 mm. Frequency range of the new slotted line is 
500 to 4000 me, and characteristic impedence is 50 ohms. 

Hewlett-Packard Company has also in production the new 
— hp—415A Standing Wave Indicator to measure relative 
audio-voltages detected by a crystal rectifier or bolometer. 
It is designed for use with the -hp-805A Parallel-Plane 
Slotted Line, but may also be used with other slotted line 
systems. In conjunction with a slotted line it will determine 
flatness of a coaxial or wave-guide system, measure impedence, 
locate sourefes of reflection, and determine percentage of 
reflected power. 


Tubular Rheostats —Bulletin 41, 12 pages, describes various 
styles of standard, screw-drive, double, graded, switch¬ 
board, metal-caged, and non-inductive Jagabi "Xubri-tact*' 
tubular rheostats. Diagrams and applications are shown in a 
*'how to select'* section.— James G. Biddle Company, 1316 
Arch Street, Philadelphia 7, Pennsylvania. 

Decade Counter and Radiation Surrey inatrument— 

Bulletin 4S5, 4 pages, describes decimal decade-scaling type 
instrument with built-in impulse register (recording clock), 
scale of 100 or scale of 1000 Higinbotham scaling circuit. 
Bulletin 486, 4 pages, describes M^el SM3 portable battery- 
operated instruthent for the measurement of radiation intensi¬ 
ties.— £l-trokics, Ikc., Z647-^7 N. Uomrd Phila¬ 

delphia 33, Pennsylvania. 

l%aae Mkroaeppy — 24-page builetta, Phase Microscopes, 
presents historical backgrem^, theory, and bibliography on 
phase microscopy and includes a catalog section on ph&vt 
microscopes.-*SaENTiFi€ Instrcment thvistON, Ambrican 
Optical Company, Bugolo IS, Nam York. 

New IRC Rssfaler-^Bulietin B-1, 12 papi, gives compre¬ 
hensive ikta an^chameteristics and spectficationa of new, 
advanced type BT insulated fined composidon resistors. 
Perfornsance staiidards given for i-, 1-, and 2-watt types.*— 

Intbrnatiokal Rbsistamcb 401 itr, Broad Street 

Philaddphia Sf Pennsylvania, 
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AcetUmmidten—Instrument Notes No. 6, December 1948, 
8 pages, presents an article on ‘^Calibration and test of ac* 
celerometers/’ illustrated with four hf^ures.— Stratham 
Laboratories, 9328 Santa Monica Boulevard^ Beverly Hills^ 
California, 

Precision Electrical Instruments —Bulletin describing Muir' 
head precision instruments of the following types: miniature 
tuning fork, acoustic strain gauge, portable dark room, the 
Ipot (toroidal auto transformer), D’Arsonval galvanometer, 
and phonic motors.— Muirhead and Company, Ltd., 
Beckenham, England, 

Radioactive Isotopes —12-pagc bulletin, Tracerlog, No. 14, 
December 1948, contains information on simulated phos¬ 
phorus — 32 and iodine —131 reference sources, including a 
procedure for standardizing with -these simulated standards. 
Also presentjed is a list of uses for radioisotopes.— Tracerlab, 
Inc. 55 Oliver Street, Boston 10, Massachusetts, 

Instrumentation, Vol. 3, No. 5, fourth quarter, 1948, con¬ 
tains items of interest on applications of scientific instruments 
and automatic controls in industrial processes and in research 
laboratories.— Minneapouis-Honeywell Regitlator Com¬ 
pany, Brawn Instruments Division, Wayne and Roberts 
Avenues, Phitadelphia 44, Pennsylvania, 

Wire Wound Resistors —24-page catalog of high quality 
wire wound resistors, including both non-inductive and induc¬ 
tive types. Resistors with power ratings of i watt to 30 watts 
are listed.— Instrument Resistors Company, 1036 Com¬ 
merce Avenue, Union, New Jersey. 

Occupatioiial Safety Posters —72-page 1949 Directory con¬ 
tains 744 illustrations and a convenient index for locating 
posters on specific accident hazards. Permission grant^l to 
reproduce posters. Price, 50 cents.— National Safety Coun¬ 
cil, 20 North Wacker Drive, Chicago 6, Illinois. 

Television Components —4-page folder P-1 gives essential 
information on a line of television components.- -Trans¬ 
vision, Inc., 460 North Avenue, New Rochelle, New York. 

Gas Analysers— Bulletin No. 213, 8 pages, describes instru¬ 
ments for rapid control analysis of gas mixtures containing 
carbon monoxide, carbon dioxide, methane, oxygen, hydrogen, 
or nitrogen.—BuRRELL Technical Supit-y Company, 1942 
Fifth Avenue, Pittsburgh 19, Pennsylvania, 

Retaining Rings —8-page bulletin gives comprehensive 
specification data on Spirolox retaining rings.— Spirolox 
Division, Ramsay Corporation, 3693 Forest Park Boulevard, 
S2. Louis 8, Missouri, 


New Materials 


Totmt K. AMOciatc Edltor 

kt Charge ot t2ii« Seetkm 

Nationel Bumu of SUndardt, WetWngton, D. C. 


A new emulsion for nuclear 
track plates is so sensitive as to 
present a problem in preventing 
premature exposure by cosmic 
rays during shipment to research 
WQrkar«.{Packiitg the emulsion in dry ice affords protection, 
hmttse cif tlie reduction of sensitivity at low tampcraturcs. 


Photographic 

Enmlidoa 


It must be continuously refrigerated and allowed to warm up 
just before exposure. The emulsion is characterized by high 
concentration of silver halides and by uniform sensitivity. It is 
approximately four times as sensitive as Eastman’s present 
nuclear track plates and has successfully recorded electron 
tracks which are ten times os long as those previously recorded. 

An additional suggested use is in precision autoradiography. 
In this application, sections of tissue containing radioactive 
isotopes are placed in contact with the emulsion so that 
radiation from the tissue exposes the emulsion. Examination 
of the developed plate permits identification of the location 
and amount of radioactive penetration in the tissue. 

The new emulsion has l^een made so far only on an experi¬ 
mental basis and is not yet generally available.— Eastman 
Kodak Company, Rochester 4, New York. 


Synthetic Calcium Successful production of water- 

quantities has been accomplished. Single crystals are now being 
grown in rods having a i-inch square section and lengths up 
to 2 inches. Representative samples are colorless and their 
clarity varies from transparent to slightly cloudy. Develop¬ 
ment work is proceeding on the growing of uniformly clear 
crystals and on the production of other sizes and forms. 

Indicated applications include the use of the material in 
scintillation counters in the detection and measurement of 
radioactivity and as screens in x-ray fluoroscopy. Crystals are 
available in research quantities in the square j" rods, in 
lengths from J" to T* in i" increments. The manufacturer has 
facilities for the fabrication of special windows or mosaica from 
the rod now available, and will be glad to consult with prospec¬ 
tive users regarding possible applications and techniques of 
fabricating desired shapes.— New Products Division, The 
Linde Air Products Company, Unit of Union Carbide 
AND Carbon Corporation, 30 East 42 Street, New York 17, 
New York, 


Copper-Tungsten 

Contacts 


Gibsiloy VW d is a powder- 
metal mixture of copper and 
tungsten made in various con¬ 
tact shapes and sizes. It is designed for handling h«savy cur¬ 
rents with minimum erosion. The units are molded to shape 
and one face is coated with silver solder for brazing in place. 
The cross strength is 135,000 p.s.i., and the hardness is 90 on 
the Rockwell B scale.™ Gibson Electric Company, 8353 
Frankstawn Avenue, Pittsburgh 21, Pennsylvania, 


Flexible Copper Vacuum-tight flexible tubing 

Ttibinff seamless copper may be 

lUDmg obtained in lengths up to ten 

feet or in multiples of this length by welding end to end. 
The tubing measures A inch i.d. and H inch o.d. and has a 
pressure capacity up to 300 p.s.i. without requiring outside 
reinforcing braid. Fittings may lie specified as well as lengths 
made up of corrugated and plain sections.— ^Johnson Metal 
Hose, Inc., 221 Mill Street, Waterhury 88, Connecticut. 


Sealed Terminal ^ of tinned steatite* 

Buahinaa sealed terminals have been de- 

signed for use on metal enclo¬ 
sures. The terminals are made of glazed steatite that is re¬ 
sistant to rough handling and thermal shock. A tinned surface, 
permanently bonded to the steatite body, permits rapid and 
easy soldering to the enclosure after insertion in a hole of the 
proper size. Leads are brought through an axial hole in the 
bushing and soldered to the tinned lug provided at the end 
of the bushing. On special order terminals can be supplied 
which will operate at temperatures up to 200®C — General 
Ceramics and Steatite Corporation, Keasbey, New Jersey, 
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NEW MATERIAL 


New Resin hopol is a hydrocarbon resin 

of moderately high molecular 
weight, made up of approximately three parts of styrene to 
one part isoprene, exactly the opposite proportions to those 
used in synthetic rubber. It is clear, hard, nearly water-white 
in appearance, possesses many of the chemical properties of 
rubier, and is completely soluble in petroleum naphtha. It is 
best described as a modihed polystyrene in which the isoprene 
acts as an internal plasticizer. Thus the advantages of poly¬ 
styrene have been retained while the disadvantage of brittle¬ 
ness has been partly eliminated. 

In the solid state its use is suggested as a stiffener for both 
natural and synthetic rubber. Because of its chemical simi¬ 
larity it can be milled and cured in the same way. Because of 
its solubility in naphthas, aromatic hydrocarbons, chlorinated 
solvents, esters, and ketones, it offers possibilities in coating 
applications. In this held it has the advantages that solutions 
of the resin may be sprayed (in contrast to polystyrene) and 
that a him may be obtained without using a plasticizer. It 
shows some tack which may be of advantage in special appli¬ 
cations where a hnish coat of a different nature is contem¬ 
plated and where an inert but mildly tacky base coat is de¬ 
sired. The resin may be readily emulsihed and shows promise 
as an impregnant for cloth, paper, or wood. Technical data 
sheets and samples for laboratory investigation may be ob¬ 
tained from the manufacturer.— Union Bay State Chemical 
Company, 50 Harvard Street, Cambridge, Massachusetts, 


Heat^Restetant 
Plastic Tubing 


Templex 105 is a plastic tub¬ 
ing approved by the Under¬ 
writers Laboratories for con¬ 
tinuous use at temperatures up to 105®C. In addition, 
manufacturer’s tests show very favorable results in regard to 
retained elongation, tensile strength, flexibility, and dielectric 
strength after exposure to temperatures up to 150®C. 1000- 
hour exposure to transformer oil shows little effect. The tubing 
has continuous, abrasion-resistant identihcation marking. 
Complete information and samples may be secured from the 
manufacturer.— Irvington Varnish and Insulator Com¬ 
pany, Irvington, New Jersey, 


Instrument-Cleaning 

Solutions 


Zenith solutions have V>een 
compounded specihcally for the 
cleaning and rinsing of instru¬ 
ment and meter parts without leaving harmful residues. The 
manufacturer states that they are non-toxic and non-flam¬ 
mable, and they have been thoroughly laboratory and field 
tested. The cleaning solutions are stated to clean faster and 
brighter than any others on the Inarket, and the rinses dry 
quickly without spotting. They are also low in cost, eco¬ 
nomical in use, and may be used with standard cleaning equip¬ 
ment. Samples will be furnished on request.— Zenith Manu¬ 
facturing and Chemical Corporation, 52 Beecknutn Street, 
New York 7, New York, 


Anti-Fogging 
Cleaning Cloth 

a transparent film which 


Speclotk is a lens cloth im¬ 
pregnated with a synthetic de¬ 
tergent that coats the lens with 
prevents moisture from condensing 


on the surface of the glass. This film is non-greasy and Is 
stated to fog-proof the lenses for as much as 24 hours. These 
lens cloths are inexpensive and remain effective for many 
weeks of daily use.—K leer-Vue Cloth Products, 334 West 
37 Street, New York 17, New York, 


Wotting Agont Santomerse 30~X is a low cost 

liquid wetting agent and de¬ 
tergent of the alkyl aryl sulfonate type, which is expected to be 
of interest to the textile industry. It is a clear, light colored 
liquid containing 30 percent solids (85 percent active sul¬ 
fonate, 15 percent sodium sulfate), and is resistant to decom¬ 
position by either strong acids or alkalis even under extreme 
^conditions. It is suggested for the wet processing of textiles 
and for other applications where reduction of surface tension 
and quick wetting are desired. Its high detergent value and 
viscosity are said to make it also suited for liquid cleaners.— 
Monsanto Chemical Company, St. Louis 4, Missouri, 


Strippers for strippers .y-/7 and 5-/P are 

Organic Finishes. 

S-17 is stated to be a clear, quick-evaporating stripper used 
at room temperature for removal of all types of synthetic 
enamels, including heavy coatings of enamels that accumulate 
on work holders and hooks. For such cases the various layers 
of enamel exfoliate, leaving the work holders clean. It is par¬ 
ticularly recommended for the removal of clear synthetic 
enamels from highly polishetl surfaces such as brass, gold 
plate, and silver. It does not tarnish metals and it has no 
significant odor. Stripper S-19 is similar to Stripper S-17 in its 
action and appearance except that it is slightly ammoniacal in 
composition and is used in certain special cases for removal of 
synthetic enamels where Stripper S-17 is not sjitisfactory. 
Both strippers are used with water seals to minimize evaporat¬ 
ing losses, and rinsing is not necessary after their use. The 
work to be stripped is immersed in the strippers at room tem¬ 
perature. After a few seconds to several minutes, the enamel is 
completely removed from the surface of the metal and the 
parts can be removed. The stripper evaporates quickly and 
the part is ready for refmishing.— Enthone, Inc., 442 Elm 
Street, New Haven, Connecticut, 


Self-Adhesive Flag-It wire markers are de- 

iwrar1r«re Signed for Coding wires having 

Wire maiKers diameters up to 0,2 inch. They 

rtiay be wrapped around the wire to form an encircling marker, 
or the ends may be pinched u>gcther to form an upright, 
numbered flag. It adheres without moistening, is unaffected by 
moisture or heat, and may be removed without harming the 
wire surface. The fabric of the marker is coated to make it 
resistant to grease, dirt, and liquids. Standard cards are pre¬ 
printed, black-on-white, in numbered or alphabet series, or 
can be printed to specification. They are attached to a 10-inch 
card, 40 to the card, from which they may be individually 
removed as needed.— Flag-It Wire Marker Company, 
320 Rose Street, Los Angeles, California. 
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The shape of the decay pulse from a self-quenching counter depends on the circuit constants as 
well as on the motion of the positive ion sheath. This is considered mathematically and a formula 
developed to take account of these factors in determining pulse height and form. In order to check 
this relation eicpenmentally, data obtained from photographed single pulses are presented and com¬ 
pared to the calculated values. These curves cover a wide range of values of circuit resistance and 
capacity. 


T he calculation of the voltage which develops 
on the wire of a self-quenching counter due 
to the motion of the positive sheath has been 
checked by schemes w^hich |>ermit a fairly accurate 
reproduction of the relation. However, if the series 
resistance, as well as wiring capacity, is not of 
negligible importance, the shai)e of the discharge 
pulse may be quite different, depending on the 
values of R and Cp (Fig. 1). It was thought desirable 
to extend the calculations to the case cited here, 
since in practice the shunting capacity (Cp) may 
exceed the capacity of the counter C, by many 
times and since the value R used will also materi¬ 
ally inHuence the shape* It is obvious that if R 
approaches zero the wire voltage will be held con¬ 
stant, while if R becomes very large the discharge 
will be very nearly that caused by the sheath's 
motion alone until the cylinder is reached. 

If the wire is considered charged and isolated, at 
some instant after the electron avalanche has been 
collected, the space within the counter may be 
treated as a problem in electrostatics, and the rela¬ 
tion obtained between the voltage across the counter 
(^), the charge per unit length of wire (?#), the 
radius of the positive sheath (r), and the charge 
per unit length of the sheath (q). The relation so 
obtained is 

^« 2qp In {b/a)+2qln(b/r). (1) 

the sheath has moved to the cylinder (b), 
the voltage on the wire will have returned almost 


to its original value V. The difference in voltage is 
due to the fact that Qff has been reduced slightly 
because of the negative charge collected on the 
wire. Equation (1) may be put into time-dependent 
form by assuming a constant ion mobility, a con¬ 
stant wire charge, and that the sheath is located 
at position ro at time t equal zero: 

r^^ro^+4ktlqp+(q/2n ( 2 ) 

This situation, however, will not fit the case of 
Fig. 1 where the supply voltage V tends to return 
the wire potential to its original value in time 
comparable to, or less than, the time of motion of 
the sheath. The equation which determines the 
wire potential is then given by: 

R(dQt/di)+<t»^ V, 

where Qt is the total charge on the wire and the 
shunting capacity. Equation (1) relates the wire 
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Fig, 1. Schematic diagram of expenmental circuit* 
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/♦sec. 

Fig. 2. Full line is the .observed pulse height plotted to an 
arbitmry scale. Circled dots are calculated values. The curves 
are matched at 0.5 microsecond; a«9.09X 10* sec.“^ 

charge to 4> and, since the parallel capacity is 
constant, its charge also m5ay be expressed in 
terms of yielding 

R{C,+ CpKd<i>/dt) 

-2RC^ld/dt2£\n{b/r)-]+<l,^V. (3) 

In order to solve this, Eq. (2) may be substituted 
in the second term. The coefficient of t in Eq. (2) 
is considered as a constant although this is no 
longer quite accurate, for the charge on the wire is no 
longer constant during the sheath motion. How¬ 
ever, since q is much less than the total charge, the 
resultant inaccuracy in r {t dependence) may be ex¬ 
pected to be slight, and the approximate field for 
determining the ions' motion may be found by use 
of j,®, the wire charge per unit length before the 
ionizing event occurs. Upon making this substitu¬ 
tion, Eq. (3) becomes 

Ll/a2Zd<i>/dt2+lqRC,/(A+t)3+<l>^ V, (4) 

where 

a^l/{RiC,+ C,), .4-f,V4*3,®. 

The boundary condition for this equation is ob¬ 
tained from the value of ^ at time zero. Since the 
total charge on the wire and parallel capacity is 
reduced by the amount of the collected charge, its 
value at fsO is 

0(0)-F(C,-hCp)-gp, 

% 

where p is the length of the sheath. By use of Eq. 
(1) g), and hence Qt{0), may be evaluated 

in terms of the wire potential, ^(0), and ro. By equat¬ 
ing these two values of Qt and solving for ^(0), the 
initial condition is found to be 

0(0) - V- C2gC,/(C,-h C,)]ln(ro/a). 

The solution of Eq. (4) is found to be 

0- V~iqCJ{C,+ C,)2[2 ln(ro/o)£-“‘ 

+0 - (jE*>/w(aA)3}, (5) 

where (£{)«. is the exponential integral function. 


KXWPtTMKWTAL FltOCBDUXB 

In order to check results of the above calcula¬ 
tion, a circuit such as Fig. 1 was connected to an 
oscilloscope adapted to photographing single pulses. 
The capacity of the counter alone, and when in the 
circuit, was measured in order to get both C, and 
Cp. In addition, the circuit was arranged to permit 
insertion of dummy capacity as well as for inter¬ 
change of resistance values. Four different counter 
tubes whose characteristics and dimensions were 
quite different were used in the tests. 

- Fot comparing the photographs with the calcula¬ 
tions based on Eq. (5), two schemes were used. 
For general shape, the photographs were projected 
onto cross-section paper, but for more accurate 
check, especially near the end of the pulse where 
differences were small, the height measurements 
were taken by use of a low power microscope with 
micrometer screw. The later device was also used 
for checking and correcting the time base. 

In attempting to evaluate Eq. (5), all factors 
except g, fo, and k (or A) may be obtained directly 
from the physical size of counter and electrical 
components. The charge g occurs as a multiplier in 
both terms which vary with time, and since no 
attempt was made to measure absolute pulse 
heights, this multiplier will not be needed. The 
ratio of radius of sheath origin to wire radius is 
not accurately known, but beaded wire experi¬ 
ments have shown that it is in the neighborhood 
of 2. The uncertainty in the value of i4 is still 
greater since it involves both r, and k. With the 
assumption that r, is equal to twice a, and that k 
is about 2 cm per sec. per volt per cm, the values 
of A for the counters used were of the order of 0.5 
to 1.5X10~* sec. As indicated in the discussion of 
the initial condition, the time origin is at the instant 
when the avalanche has been collected and the 
sheath has not appreciably moved. Experimental 
evidence on rise time, as well as calculation of the 
electron veloipity in the field near the wire, indicates 



Fla 3. Full line is dw observed pulse height plotted to sa 
sibitrsry scale. Circled dote are calculated tituee. Thaeurves 
arc matched at 1.25 ini c roeeconde; «*»l.Mxlu* •eo.'^ 
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that the error thus introduced in the time origin is 
a small fraction of a microsecond. 

Since a great number of different values of a were 
used with each counter, only typical examples are 
shown here. Figures 2, 3, 4, and 5 are for a small 
counter with 5 mm of amyl acetate as the quench- 
in gas. The cylinder diameter of this counter is 
approximately 1.9 cm, its wire diameter 0.01 cm, 
and its length 8 cm. The curves shown are for a wire 
voltage of 1050, about 90 above threshold voltage. 
In each case the full line represents the photo¬ 
graphed trace beyond peak value and the circles 
are calculated values which were matched to the 
exp>erimental height at one point. In order to show 
most of the length and, at the same time, not to 
mask the departure from calculated value, as a 
logarithmic scale would do, the lower end appears 



^sec. 

Fig. 4, Full line is the observed pulse height plotted to an 
arbitrary scale. Qrcled dots are calculated values. The curves 
are matched at 10 microseconds; a»9.09X10^ sec. * 



y</acc 

Fig. 5, Full line is the observed pulse height plotted to an 
arbitrary scale. Grcled dots are calculated values. The 
curves are matched at 100 microseconds; a»«1.66X10* sec."^ 

very close to zero. The fit at this end is, however, 
very good. It is noticed that near the pulse peak 
there is considerable departure. This can be ac¬ 
counted for by the rough approximation made in 
estimating A, to which the curve is most sensitive 
for small times. It is also known that in this r^ion 
of high field the mobility is not a constant as was 
assumed here. 

It should be pointted out that while the resistance 
has a very great effect on the shape of the pulse, 
the motion of the sheath is not changed very much, 
and hence the field near the wire and the counter 
dead time are practically independent of if. 

* H. G. Stever, Phys. Rev. 61. 38 (1942). 

* Serge A. Korff, Electron and Nuclear Counters *(0. Van 
Nostrand Company, Inc., New York, 1946), 



THE REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 20. NUMBER i MARCH. 1940 

Developments in the Useful Circular Nomogram* 

Douglas P, Adams and Howard T, Evans, Jr. 

Section of Graphics, Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received August 30, 1948) 

The particular type of alignment diagram for the function U-V^^Wln which the U and V scales 
lie on the circumference of the same circle and the W scale along a diame^r is developed in detail. 

The forms of the diagram for which certain intervals on these scales are maximized tn th^r spread are 
derived and described. Such maximized diagrams, it is found, have certain characteristic properties 
of symmetry. These developments are illustrated with examples. 


BACKGROUND 

NOMOGRAM, or ‘Taw in graphical form.” is 
a diagram designed to represent graphically a 
functional relationship between varying quantities. 
In particular, a nomogram consists of points, lines, 
or curves—each calibrated in one of the varying 
quantities of the relationship. When all the quanti¬ 
ties but one have known values in a relationship for 
which a diagram has been prepared, the value of 
the unknown one can be found by reference to a 
point, line, or curve, .characteristic of the solution, 
established by the known values. Extended use of 
the diagram can also often be made to determine 
compatible values of more unknowns than one. 

The ordinary network chart is such a nomogram. 



0 I 2 3 0 ^-12 3 
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Thus, for the equation U- V^W, it might take the 
form of Fig. 1(a) or Fig, 1(b). On reference to the 
point Pj, characteristic of the solution established 
by known values 17/ and Wj, the unknown value Vj 
can be read from the chart. The alignment diagram 
is likewise such a nomogram. It could take, for in¬ 
stance, either of the well-known forms of Fig, 2(a) 
or Fig. 2(b). On reference to the line Kj character¬ 
istic of the solution established by the known values 
Uj and Wj, the unknown value Vj can be read from 
the diagram. 

The generalized alignment diagram for the three- 
variable equation, 

FiU, K, W0«0, 

can be schematically represented in the form of 
Fig. 3. The U, F, W curves may partake of any 
definable form. Thus, one of them might be circular 
(Fig. 4). This type of diagram is not especially rare 
in the literature. It is clearly distinguished from the 
type which is of special interest in this article. 

THB CmcUIAR NOMOGRAM 

The equation U-V^W can also be represented 
in alignment diagram form by the use of a pair of 
coincident, circular U and V scales and a third 
straight-line W scale lying along a diameter of the 
circle. The values U, V, W»0 coincide at one end 
of the diameter and the values t/, F, 

[/, F, PF« — » coincide at the other end (Fig. 5). 
This diagram, extremely useful for certain pur¬ 
poses, seems to be employed by current English 
nomographers, but to be practically unknown in 
this country. In a survey of seventeen hundred 
nomograms appearing in the technical periodical 
literature in this country for the years 1925-1947, 
only one, designed by an Englishman, was found 
which partook of this form. 



Figs, la, lb, 2a, and 2b. Elementary forms of network 
_ chart and alignment diagram. 

* The circular nompgram has been given a thorough intro¬ 
ductory treatment in Elements of Nomogtaphy by R. D. 
Douglass and D. P. Adams (McGraw-HiU Book Omipany, 
Inc., New York, 1947). The present authors bdieve that 
treatment to be the first in American texts. 


Oaometricai Relatioiiships 

In Fig. 6, let line ABC be a random line of 
collineation cutting proposed C7, F, W scales at 
points A, C, and S, respectively. Draw lines OA 
and OC defining peri{^e^ angles 9 and irhich 
vary directly with arcs and BC. CoMtruift Ihie 
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ED parallel to line AC and draw line DC. Since 
DC^AE, 

iOAC^-^ODC. 

Triangles OAB and ODC are similar and 

OB/OA ^OCjOD, 

OA = la COS0, 

OC^la coa<l>, 

OD •» 2a cos{<t> — 6). 

Let OB, the distance from 0 to the cutting point 
B along the proposed W scale, be called 5^^. It is 
the scale distance measured from point 0 out along 
the diameter to the point of location of any par¬ 
ticular value W. 

Sw “= la cosfl costf)/(cosB cos(^-l-sinfl sim^), 

=* 2a/(l-f-tanS tan^). 

Let the U and V scales be defined upon their 
circular arcs by the relationships: 

U^tand, ( 1 ) 

( 2 ) 

Sw^la/il+U-V), 

Sr-2a/(l-bH0- (3) 

Thus, the W scale equation is observed to l)e 
identical with that for the diagonal scale for the 
iV-type diagram, Fig. 2(b), when the latter is 
measured from the end.^ This makes it 

possible to compound the circular diagram with 
the N diagram. A completed circular diagram 
appears in Fig.. 7. 

DISCUSSION 

Range and Scope of the Circular Nomogram 

The great advantage of the circular nomogram 
lies in its closure, which permits infinite ranges of 
all three variables to be present. This property is 
in contrast to the diagrams for the same basic 
formula for multiplication presented in Fig. 2(b). 
More generally, one can have the two arrangements 
presented schematically in Fig. 8. Any adaptable 
pmtion of such a diagram will be a valid alignment 
atagram. 

Changing the Distribution of Graduations 

Figure 7 shows the unit values of all three scales 
on a vertical line through the center of the circle. 
Fcatunately, this distribution of values along the 
scale can be varied. Assume 

P-Q^R, 

mP'tiQ'^tnnR. 

BouebuM and D. P. Adams, iEImsnO <^f N^grapjh 
•HiuWic Company, Inc., New York, 1947), p. fOO, 


‘R.D. 
(MeGmw 



Plus. 3-9. Basic characteristics of the circular nomograin. 


l.^t 


then 


U=-mP, 

V’^^nQ, 

W^mnR; 

U- F- W. 


A diagram in V, F, IF can be drawn in the standard 
form of Fig. 7. However, the diagram graduated in 
the original variables P, Q, and R will be such that 
these variables along the vertical line through the 
center of the circle will be Po=l/»», Qo“l/n, and 
Ro’^l/mn. Great freedom of distribution of values 
is thus achieved. The standard equations 1, 2, and 3 
will now be 


P =« tand/fw. 


(4) 


^a»tan0/». 


(5) 


5j* = 2a/(l-f-«nP). (6). 


Maximizing Intermediate Scale Intervals 

If the lowest values of the more useful ranges of 
the variables P and Q are greater than zero and the 
highest values of these ranges are finite, the more 
useful range of the R scale will not contain R^O or 
P“ «. The spread of this useful range will vary 
with m and n. A preliminary plan of the diagram 
may show this more useful range to be embarrass¬ 
ingly small. However, it can be maximized as 
follows. Let Pi and Pt be the lowest and highest 
values in the more useful range of P. Let this P 
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Fig. 10. A simple circular nomogram with maximized ranges. 

range be maximized as a problem independent of 
the other scales. The R scale is characterized by the 
multiplier I = mn: 

Ss =“ 2a/ (1 +/i?), 
SRi^2a/(l+lRi), 
SBi^2a/il+lRt), 
r-5*1-5*2. 

Then T, the spread of the most used range of R, 
is to be maximized with respect to the variable I : 

T^2a( -V 

\l-\-lRi i+lR,/ 
dT ^ / J?j Ri \ 

For a maximum, 

Ri(l+2lRt+PRi‘)’‘R2{i+2lRi+m^), 

5«,-2a/[l + (J?i/J?,)*] ) 

S*,-2a/[l + (i?*/2?0‘] y (7) 

5«-2o/[H-Cl/(J?i2?,)»]/i]J 

It is interesting to observe that .the piosition of this 
spread upon the diameter is symmetric with respect 
to the center of the circle. Thus, 

5*i-f'5*2 2a/ 1 1 \ 

2 “ 2 Vl~+ (J2i/i?0*''’l + 

“ d. 

Maximizing the circular scale intervals, one has 
(Fig- 9): 

fli-tan“'«Pi, 

fl*»tan“‘mPj, 

i4-2(«i~Ji). 

Then A is the spread of the most used range of P 


and is to be maximized with respect to tu. 

dA/dm =2[{P./(1 +m*Pi»)) - (P,/(l+m*P,*))]. 
For a maximum, 

-Pi-»«»P,P,*+w*P.Pi*+Pf*0, 

« = l/(PiPt)*. 

Correspondingly, 

These ranges are also distributed symmetrically 
with respect to a vertical line on the circle, for 

tan®i«(Pi/Pj)*, 

tane,*(P2/Pi)*, 

tanffi^cotOg 

=tan(90'*-ff,), 

(0izl-ff*)/2=4S». 

Let the P and Q ranges be maximized independ¬ 
ently and the R range be regarded as dependent. 

P\Qi — Ru 

PiQi = Ri, 

l^mn, 

l^l/{PiQtPiQi)K 

f-l/(PiP,)‘. 

Thus, the R range is also maximized. 

In this way, a circular diagram may be drawn 
with maximum dispersions for the most useful 
portions of all three scales. In addition, the maxi¬ 
mization process, because of its symmetry with 
respect to the vertical diameter described above, 
prepuces a chart in which the index line (e.g., line 
ABC in Fig. 6) makes the greatest angle with the 
dependent scale on the diameter, thus allowing the 
most accurate measurement of R. Hence, the 
problem of optimum placement of scales for inter¬ 
mediate ranges of the variables in the circular 
nomogram achieves a pleasing and classical sim¬ 
plicity. 

APPUCATIONS 

ninstratlve Problem 1 

Figure 10. Design a circular nomogram six 
inches in diameter for the equation P-Q^^R where 
infinite ranges of the variables are desirable but 
the ranges of P from Pi—SO to P»->100,. of Q 
from Qi«"20 to Qi««30, and of R from Pi —1000 to 
Pt—3000 are subject to especially heavy use. 

1/(50-100)*-0.01414, 
n-l/(20-30)»-0.04082, 
f-l/(1000-3000)»-0.000S773, 
tf«tan-»0.01414P, 

♦•tan“»0.040820. 

5ji-V(l'hO,000577P). 
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lUufftrative Problem 2 

Figure 11} Design a circular nomogram six inches 
in diameter for the equation 

(log sin^)(5**4) 7 cos*C. 


equation where ranges from 0® to 35®, d* rang^ 
from 0 to 1.0, s ranges from 10 to 70, r, ranges from 
IS to 40, in steps of 5. 5 is the dependent variable in 
practice. Experience indicates that it has a most 
heavily used interval from j««25 to s^60. 


Place the B scale on the diameter of the circle. All 
first-quadrant values of the angles A and C are 
useful but the range of A from i42 = 10 to .4i«50 
and of C from Ci»10 to C* « 50 are heavily used. 

Solution: Since the variable B is to be recorded 
upon the diameter, write the equation in the form 

(log sm^)(l/7 cos^C) * l/(5»-4), 

(/'« — log 8ia4, 

K'-l/7 cos^C, 

LV“0.11S8, 

LV *0.7603, 
w = 3.37, 

Ki'«0.1473, 

K2'«0.3457, 
w —4.44, 

14.95. 


30 



Then useful scale equations* for plotting this dia* 
gram are; 

5a « — 6(3.37 log BinA ) or 5 a * - 6/3.37 log aiiu4 ; 
5e* 6(4.44/7 cos*0 or 5c»6(7 co8*C/4.44); 
5a*6/Cl-(14.95/(3*-4))]. 


niuatratiTa Problem 3 

Figures 12 and 13} Design a nomogram for the 
cot cos-Kcosp—d**'), 


• Compare with Fig. S8 in Douglass and Adams, reference 1, 

p* 1S6, where no interval has been maximieed. ■; 

* For derivation and afy^icadon of scale equations for the 
nomo^m, see uouglass and Adams, reference 1, 


T. Evanti Jr., S. G. 'Hlden, Tr.. and D. P. Adams. 


Analysis 

The presence of four variables, three of them 
independent, precludes the possibility of a single 
alignment form for the diagram and requires a 
compounding of diagrams. Let 

U cot cos"*^ (cos/i—cf*). 


Then, 


s^rM. 


Since U is given by tantf in the preceding theory, 
the presence of the cotangent function militates 
strongly in favor of the circular nomogram. 

Let a be the complementary angle to Fig. 12(a). 
TJien f7=tan^ is properly recorded as U =^cota. Let 

a = cos“KcosiS — d *), 
cosa « cosjCi — ac/2a, 

xr«=2a(cos/i—d*). 

The problem of the last equation is easily solved by 
a diagram of the form of Fig. 12(b). Let the x scale 
be tangent to the circle at the vertex A of angle a, 
have zero value there and be 2a units long. Let the 
A'Scale be located pleasingly upon the vertical 
center line of the circle. Let the values and 
ci* = 0 be on a level with x«2. Distances along^the 
X scale can be conveniently transferred to the U 
scale by concentric arcs about point A , particularly 
with the aid of corresponding arbitrary graduations 
on the X and U scales (Fig. 12(c)). 

Derivation of the Scale Equations 

s scale: To maximize the most favored s interval, 

/«1/(2S*60)* = 0.0258; 

5^* 10/(1+0.0258^) 

for a circle of ten inches diameter (a = 5). 


(a) (b) (c) 

Fig. 12. Breakdown of parts for nomogram for camera. 

"New techniques applied to the Bueiver precession camera for 
x-ray diffraction studies," Rev. Sci. imst. 20, 155 (1949). 

In practice, this diagram has been found to be pracdcatty 
indisp^sable to the efiident use of the equipment wh<M 
behavior is represented by this equation. 
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r, scale: I'he original equation now reads 
(nr,)[m cot cos”KcosA-"d*)3. 

The device employed requires that 

cotae^w cot cos"‘*(co8fl—d*); 

Hence «*»/ in this scheme and ndither of 


the circular scales can be varied for maximization* 
The value of on the vertical center line will be 

r.-l/J-38.73. 

The resulting f« sc^e does Ue in part: to the left ^ 
the center line and has a sattsfacto^ 
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maximization. A convenient scale equation for 
drafting the r$ scale will be 

5r^«=i0r,. 

X scale: The scale factor of the x scale is unity. 
The sum of the scale factors of the d* and fk scales 
will equal their product and the distances of these 
scales from the x scale will be proportional to these 
scale factors.* Of these four quantities, only the 

*For a description of the derivation of acale factors and 
scale equations for the parallel-line diagram, see Douglas and 
Adams, reference 1, Chapter IX. 


distance of the Ji scale has been fixed (at five inches) 
by the present design. 

jB sc^ and d* scale: The equations for these 
scales, reduced to scale measurement upward from 
the horizontal center line of the circle, can accord¬ 
ingly be 

5^**52.6(cosja-0.810), 

12.34(0.810-d*). 

The d*** scale is 1.17 inches from the x scale. 
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New Techniques Applied to the Buerger Precession Camera for X-Ray Diffraction Studies 

Howard T. Evans, Jr.,* S. G. Tilden, and Douglas P. Adams 
Sutum Graphicst Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received August 30, 1948) 

The usefulness of the Buerger precession method for single crystal x-ray diffraction studies is 
increased by the following techniques; (1) The use of a nomogram to facilitate the setting and opera¬ 
tion of the instrument; (2) the simplification of orientation and lattice measurement techniques; 
and (3) the application of the Dawton photographic method to precession photographs for obtaining 
quantitative intensity data, together with a graphical method for determining Lorentz and polariza¬ 
tion corrections. 


TN 1944, a new method of obtaining x-ray diffrac- 
A tion data from single crystals was described by 
Buerger.* By use of a camera of novel design, aptly 
called the “precession" camera, layers of the recip¬ 
rocal lattice were photographed directly without 
distortion. This instrument has since been made 
available commercially and has earned favor in 
several laboratories.* It seems apparent, however, 
that the full possibilities of this instrument have not 
been generally realized. Therefore, some of the 
techniques developed in this laboratory in connec¬ 
tion with the precession method will perhaps be of 
interest. 


INSTRUHSirr SETTINGS 


I 

In preparing the instrument for a run, five sepa¬ 
rate adjustments must be made ior each photo¬ 
graph, defined as follows: (1) F, the film-to-crystal 
distance; (2) d*', an adjustment of the film position 
for proper registration of the upper levels of the 
lattice; (3) p, the angle between the direct beam 
and tbe normal to the plane being photographed; 
(4) r„ the radius of the layer-line screen: (5) s, the 
screea-to-crystal distance. 


*PteMot addren: Laboratory for Insulation Research, 
MaNachiuetts loitituta of Technology. . . 

• M. J. Buefisr, “The Photography of^ the Reciprocal 
ASXRED Monograph hfo. 1 (1944). 

G. L, Clark and n. Kao, J. Am. Chem. 


F is an independent adjustment determined by 
the desired magnification of the lattice image, and 
d*' is simply the product of F and d* the reciprocal 
lattice spacing normal to the planes being photo¬ 
graphed. ji, r„ s, and d* are, on the other hand, 
related in a rather complex way, as shown by 
Buerger, thus: i = r, cot cos“‘(cos/l—d*). 

5 is usually the last adjustment made and, hence, 
may be regarded as the dependent variable of the 
equation. In his monograph, Buerger gives a chart 
liermitting rapid determination of s over a range of 
d* (0 to 1.0 reciprocal lattice units) for two values of 
f. (15 and 30 mm) and a fixed value of fit (20®). Al¬ 
though these restrictions on r, and ft are not incon¬ 
venient in a majority of cases, there are many times 
when a greater flexibility of these variables is 
desirable. 

It is possible to present the behavior of the vari¬ 
ables in the equation in an alignment diagram which 
will give the value of 5 for all useful values of r„ n, 
and d*. By using this diagram, reproduced in Fig. 1, 
it is an easy matter quickly and accurately to arrive 
at an optimum value for each of the settings in¬ 
volved. The key to the diagram shows the general 
scheme to be the employment of two elementary 
types of alignment diagrams. The first of these is 
the familiar three-parallel-line dit^ram; the second 
is the less familiar circular nomr^^ram. The further 
adi4>tation of the latter to the specUl needs (rf the 
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Fig. 1. Nomogram for aetttng the Buenger pieoenioa camera. 


equation at hand appear# to the writers to be new, 
and is described in detail elsewhere.' Also, its form 
has accurately maximized along the circle's diameter 



the spread of the most useful range of the dependent 
variable, s (2S to 60 mm). 

OBlBMTATIOir Of CBmtUM 
The use of the Bueig^ preoeiwioii camera in tihe 
orientation of crystals has been described hr 4eta^ 
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by Buerger.^ If the crystal has a zone of faces 
parallel to the dial axis, which carries the goniome¬ 
ter head, the optical autocollimator attached to the 
standard x-ray collimator may usually be used to 
align the crystal without any trial photographs. 
Alternatively, the crystal may be brought into 
orientation by means of a series of trial photographs 
from which the setting errors are estimated by ob¬ 
serving the traces of the zero level reflections on the 
film. 

We have found that another very convenient 
method is provided by drilling two very small holes 
(No. 80 drill) in the back of the film holder under 
the spring clip. These holes admit just enough light 
to mark the film. A line is thus determined which is 
accurately located parallel to the dial axis. The 
angle between this line and a lattice row line thus 
can be measured accurately to find directly the 
error of setting of the goniometer head arc parallel 
to the film. Two such photographs taken 90® apart 
on the dial supply the data necessary to bring a 
roughly orient^ crystal into perfect alignment. In 
Fig. 2, which shows such a photograph, two sharp 
spots are visible near the extreme ends of the 
horizontal central lattice line. The arc error, meas¬ 
ured between the line of these spots and the ad¬ 
jacent lattice line, in this case is 2® 20'. (The orienta¬ 
tion of the film is indicated by a cut in the upper 
right corner, which corresponds with a mark on the 
film holder.) 

This method, combined with those described by 
Buerger, makes the instrument extremely valuable 
for the purpose of orienting crystals, especially when 
only anhedral fragments are available. The ease 
with which the lattice of a crystal may be located, 
oriented, and explored with the precession instru¬ 
ment makes the latter a very fitting adjunct to the 
Weissenberg camera with its far-reaching range. 

LATTICK MEASUREMENTS 

The Buerger precession camera has been found to 
provide measurements of lattice spacings of con¬ 
siderable accuracy. Our instrument has been cali¬ 
brated with a quartz crystal, as suggested by 
Bradley and Jay.* The (AO/) reciprocal net plane of 
the crystal was photographed with the film-to- 
crystal distance, F, set as closely as possible with the 
vernier to 6.000 cm. Two values of F were measured 
from the spacings on the film, as follows: 5.998 cm; 
6.002 cm. The accuracy apparent from these meas¬ 
urements, better than 4 parts in 10,000, has been 
confirmed by comparative measurements on other 
crystals. Such precision can be obtained with the 
Weissenbei^ only with some trouble involving 
extrapolations and corrections. One advantage of 

‘ AiJ. and A. H. Jay, Proc. Phya. Soc. London 45, 



Fig. 2. Zero level precession photograph, showing orientation 
marks (ncptunitc, monoclinic). 

the precession method is that the spacings of a whole 
row of spots on a film may be averaged simultane¬ 
ously bv alignment with a hair-line. Thus, two 
settings of the hair-line are usually sufficient to 
provide data of the quality indicated, without any 
further corrections. The performance of this instru¬ 
ment testifies not only for the nature of the method, 
but also for the skill of the machinist who built it.‘ 

INTENSITY MEASUREMENTS 

The precession method has been found to be well 
suited to the recording of intensity data over a 
limited range, which, for many cases, is adequate. 
The Dawton photographic technique* is readily 
adapted to precession photographs. The spots on 
the film are round and uniform and very con- 



Fio. 3. (See text.) 


* Mr. Charles S^per of Newton Center, Massachusetts. 

• R. H. V. M. Dawton, Proc. Phys. Soc. London SO, 419 
(1938). 
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0 as 1.0 

C 

Fig. 4. Lorentz-polarization correction, K, for zero level. 


veniently arranged, lending themselves to rapid and 
straightforward photometric measurement. The 
maximum range is obtained by using an inclination 
angle of A *^30®, and a filni-to-crystal distance of 
f “5.5 cm. With this setting, a circular area of the 
zero level 11 cm in diameter is recorded on the 5 inch 
square film. This corresponds to a diameter of 2.0 
reciprocal lattice units, and, if molybdenum radia¬ 
tion is used, covers a range just greater than that 
recorded by the Weissenberg camera using copper 
radiation. Actually, it has been found that, for most 
purposes, efficient application of the Buerger pre¬ 
cession camera depends on the use of molybdenum 
radiation. 

The form of the Lorentz factor for the precession 
method has been described by Buerger.^ Figure 3 is 
a view normal to the zero level of the reciprocal 
lattice. One lattice point and the origin are shown. 
The circle is the intersection of the lattice plane and 
the unit sphere of reflection. With the quantity w 



. ^^9* Template for I^entz-polarizatidti correction 
inUpl^ ^ zero level photograph (K:»TeMoA«-7HA 
orthorhombic). 


defined as shown in Fig. 3, Buerger derived the 
following expression for the Lorentz factor: 

l/L»wsinA cosA. (1) 

For the zero level, it appeared that a more con¬ 
venient expression would combine both the Lorentz 
and polarization corrections, in terms of A and the 
radial coordinate f (in r.l.u.; see Fig. 3), the latter 
being readily measured directly from precession 
films. Such an expression may be derived as follows: 

sin*a»zt^/£*, 
cos*aa«{®/4 sin^Ai 

1 sin^A* 

w =“ [{(4 sinA’ t®)V2 sinA]. (2) 

'Substituting (2) into (1), there results: 

1/L-1/2£ co 8A(4 sin^A(3) 

The iX)larization factor is readily derived from the 
classic formula; 


\/p^{2/\+cosne). (4) 

For the zero level, 

f 2 sind, 

2 8in®0~l—C082S, 
cos*25«[l-{f«/2)?. 

Substituting in (4) gives; 

l//>“ 4 /( 8 ^ 4 f®+{^). (S) 

Combining (5) with (3), we obtain: 

1 4f cosA( 4 sin*A — f*)* 

» L/>“ 8-4(*+{« ■ 


If we adopt the settings suggested above (jB—30®, 
F*5.5 cm) universally for the taking of zero level 
quantitative Dawton photc^aphs, this correction 
is very eanly determine for all reflections by means 
of a simple graphical device. This consists of a 
template with a set of rings graduated according to 
l/l^, and whose positions are determined by 
(6). By superposing the template directly on 
the precession film, the correction may be read off 
directly for each spot by its position with respect 
to the rings. When /l»30®, Eq. (6) may be written: 


1 

Ip 


24.34 




8-4{*+{« 


(7) 


This function is scaled arbitrarily to allow t/Lp to 
rapge between 0 and 2.00, as shown by the graph 
illustrated m F«. 4. In Fig. 5, a dhart PMule from 
Eq. (7) ie shown in |flaoe on a pre c ^ csi plwHn* 
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graph. The chart is best prepared photographically 
from an original drawing, which may be easily made 
from the data given in Table I. 

The precession method is not well adapted to the 
quantitative photography of upper levels, for several 
reasons. The range recorded for upper levels is much 
smaller: the central blind area increases very rapidly 
with the distance of the lattice plane from the origin 
((f^): and the Lorentz-polarization correction is 
much more awkward to evaluate. Thus, the pre¬ 
cession method is practically limited to two-di¬ 
mensional Fourier studies of crystal structures at 
present. For three-<limensional studies, the equi- 
incHnation Weissenberg method will maintain its 
superiority. 

SUMMARY 

New techniques and aspects of the Buerger pre¬ 
cession method for single crystal x-ray studies have 
been described. The utility of the instrument is 
greatly increased by the use of a nomogram which 
quickly solves the rather awkward setting relation¬ 
ships for any case. Other asj^ects of the method that 
have been dealt with are the following: 

(1) A new method of measuring orientation errors, together 
with earlier known techniques, speeds the process of locating 
and aligning the lattice of a crystal, even when crystal faces 
are totally lacking. 

(2) The Buerger precession camera has been found to 
give reliable measurements of lattice dimensions, accurate to 
better than 4 parts in 10,000, directly without corrections or 
extrapolations. 

(3) The precession method is convenient for making in¬ 
tensity measurements by the Dawton photographic technique, 
for zero level reflections. Its range, when molybdenum radia¬ 
tion is used, is comparable with that of the Weissenberg 
method used with copper radiation. The Lorentz-polarization 
correction is easily measured by the use of simple graphical 
methods. 
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Table L Tabulation of Lorentz-polarization corrections for 
zero level precession photographs made with the settings 
i(i«30® and E«5.S cm. 


Calculated from Eq, (7): Read from graph of Fig. 5: 

{(rJ.u.) K K S.5X«(cm) 


1.00 

0.000 

0.00 

S.SO 

0.99 

0.672 

0.50 

5.47 

0.98 

0.932 

1.00 

5.38 

0.97 

1.117 

1.30 

5.26 

0.96 

1.263 

1.50 

5.15 

0.95 

1.383 

1.60 

5.08 

0.94 

1.490 

1.70 

5.01 

0.93 

1.566 

1.80 

4.90 

0.92 

1.640 

1.90 

4.75 

0.91 

1.707 

1.95 

4.63 

0.90 

1.760 

2,00 

4.30 

0.88 

1.844 

1.95 

3.90 

0.86 

1.907 

1.90 

3.72 

0.84 

1.952 

1.80 

3.43 

0.82 

L978 

J.70 

3.19 

0.80 

1.994 

1.60 

2.97 

0.78 

2.000 

1.50 

2.76 

0.76 

1.992 

1.40 

2.56 

0.74 

1.980 

1.30 

2.37 

0.72 

1.960 

1.20 

2.18 

0.70 

1.932 

1.10 

1.99 

0.65 

1.851 

1.00 

1.80 

0.60 

1.740 

0.90 

1.62 

0.55 

1.619 

0.80 

1.44 

0.50 

1.491 

0.70 

1.26 

0.40 

1.221 

0.60 

1.08 

0.30 

0.908 

0.50 

0.90 

0.20 

0.607 

0.40 

0.72 

0.10 

0.304 

0.30 

0.54 

0.00 

0.000 

0,20 

0.36 



0.10 

0.18 



0.00 

0.00 
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Conditions for Optimum Luminosity and Energy Resolution in an Axial 
^Ray Spectrometer with Homogeneous Magnetic Field 

Jesse W. M. DuMond 

California Institute of Technology, Pasadena, California 
(Received October 18. 1948) 

In a ^-ray spectrometer with axial homogeneous magnetic field, it is shown that optimum energy 
resolution and luminosity are obtained when the trajectories make an angle close to 45* with the field 
and that an annular resolving slit should be provided at a determined radial and axial location relative 
to the source. The combined effect of three independent sources of instrumental energy line width is 
analyzed for the optimum condition. Formulas are given for the optimum dimensions, the energy 
resolution and the luminosity. 


T he improvement recently obtained in the 
precision of absolute measurement of nuclear 
energy levels by the direct crystal diffraction of 
short wave-length nuclear gamma-rays* makes it a 
matter of considerable interest to develop a jS-ray 
spectrometer of high resolving power and high 
precision comparable to that obtainable in the 
crystal diffraction method. The low reflecting power 
of crystals for wave-lengths of order 30 x.u. and 
less necessitates the use of extremely strong gamma- 
ray sources and hence practically eliminates this 
method as an exploratory technique. Its great 
advantage on the other hand, lies in the high ab¬ 
solute precision which it affords. It thus comple¬ 
ments ver>^ satisfactorily the qualities of the ^-ray 
spectrometer since the latter instrument has high 
luminosity but is very difficult to calibrate with 
absolute precision. The thought here is that if a 
^-ray spectrometer of sufficiently high resolving 
power and reproducibility can be designed, its 
calibration in terms of absolute jS-ray energies can 
be accomplished by utilizing a number of nuclear 
gamma-ray lines (precisely standardized by the 
crystal diffraction method) to eject photoelectrons 
from known and precisely measured electronic en¬ 
ergy levels in appropriately selected secondary 
radiators. The i3-ray spectrometer, so calibrated, 
can then be used for the accurate measurement of 
both /9-ray and gamma-ray energies from a wide 
variety of sources and the high absolute precision 
of the crystal diffraction method can thus be propa¬ 
gated over a much wider domain of me^urements. 

Many types of the i3-ray spectrometer exist or 
have been proposed. Under the auspices of the 
Office of Naval Research* S. Frankel and E. C. 
Nelson have very recently made a valuable survey 
of many of these and have discussed their proper¬ 
ties. They fall into three general classes. 


* DuMond, Lind and Wat«on, ''Precision wave-length and 
energy measurement of gamma-rays from Au'** with a icKUsing 
quartz crystal spectrometer.” Phys. Rev, 73, 1392 (1948), 
Jesse W, M. DuMond, "A high resolving power, curved 
crystal focusing spectrometer for short wave-length, x-rays and 
gamma-rays," Rev, Sci. Inst. 18, 626 (1947). 

* Contract N6ofir-238 T.O, 5. 


(L) Spectrometers in which the central ray of an 
electron beam or pencil lies in a plane essentially 
perpendicular to the magnetic field, —The electrons 
execute circular orbits which may consist of arcs 
greater or less than 180® and the field may be uni¬ 
form or tapered in various ways to obtain various 
types of focusing. Notable among these is the Sieg- 
bahn-Svartholm* so-called double-focusing type. 

(2.) Spectrometers of the helical focusing type ,— 
The magnetic field may be approximately uniform 
(utilizing the field from a long solenoid) or it may 
be set up by a more-or-less concentrated coil and 
may merely have axial symmetry. Electrons leave 
a more or less concentrated source point on the 
axis at one end and execute paths more or less 
helical in form passing through various restricting 
stops and returning to the axis at the other end 
where they enter the window of a counter. First 
suggested by Kapitza in 1923 this type, in various 
modifications, has been used and described by 
Tricker,* Klemperer,® Witcher,® K. Siegbahn/ 
Deutsch, Elliot and Evans,® and T. Lauritsen and 
R. F. Christy.® 

(J.) Spectrometers utilizing electrostatic deflcftion 
of the fi-rays .— It is pointed out by Franl&l and 
Nelson* that for a fast electron whose velocity 
nearly equals that of light the same curvature may 
be produced by a magnetic field of 1000 gauss 
(which is conveniently small) as by an electric 
field of 300,000 volts per cm (which is uncom¬ 
fortably large). Such instruments, which possibly 
have some importance for the formation of images 

• K. Si^bahn and N. Svartholm, Nature 157 , 872 (1946); 
Arkiv. f. Slat, Astr. o. Fyaik, 33A, No. 21 (1946); N. Svart- 
holm, ibid,, 33A, No. 24 (1946). 

* R, A, R, Tricker, Proc. Camb. Phil, Soc. 22, 454 (1925). 

*0: Klemperer, Phil. Mag. 20, 259 (1940). Klemperer wa* 

apparently the first to propose the concentrated coil or **thin 
magnetic lens." 

•Cliffoitl M, Witcher, Phys, Rev. 60, 32 (1941), 

* Kai Siegbahn, Arkiv. f. Mat, Astr. o. Fysik, 30, No. 1 
(1943); Phil. Mag. S7, 162 (1946). 

*M. Deutsch, L. G. Elliot, and R. D. Evans, Rev. Sd. 
Inst. 15, 178 (1944). IncludM a painstaking zmlyzh o! tlie 
thin lens type. 

• T. l,aw&ett and R* F. Christy, Phys. Rev. tl, 5M 
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in electron microacopy have therefore not played 
an important role in jS-spectrometry.*** 

The helical focusing tyjx; seems so obviously 
advantageous as regards the utilizable solid angle 
of iS-rays epianating from the source that this was 
chosen as the object of the first analysis (the one 
herein presented) to determine the optimum con¬ 
ditions for simultaneous high resolving power and 
high luminosity. It is not entirely certain, however, 
that other and radically different types cannot be 
devised which will be superior to this one and a 
program of analysis of other is now being 

planned. 

The choice of a homogeneous magnetic field 
(rather than the more complicated field from a con¬ 
centrated coil) for the /5-ray spectrometer here 
described was based on the following considera¬ 
tions. (1) The analysis is considerably simplified. 
(2) A homogeneous field is not difficult to realize 
with a high degree of precision by means of a long 
solenoid. (3) Small geometrical distortions of such 
a field by external magnetic influences are more 
readily detected than they would be in the case of 
more complicated fields. (4) Since the applied mag¬ 
netic field is everywhere uniformly strong over 
the useful region, errors from external magnetic 
effects are everywhere at a minimum. (5) The ad¬ 
justment of the spectrometer relative to the field 
coil is less critical since it depends in first approxi¬ 
mation only on the orientation and not on the 
position. This is a consideration which becomes im¬ 
portant because of the high accuracy sought. As 
Frankel and Nelson® point out the thin lens /3- 
spectrometer is more efficient as regards the cost 
for copper and for power than the solenoid tyj^e 
with uniform magnetic field, but Laurttsen and 
Christy* have shown it to have a poorer resolution 
for the same range of angles within which the 
jS-rays emanate from the source. The thick lens 
spectrometer is a compromise between the superior 
resolving power of the solenoid type and the cheaper 
thin lens type. 

It is a rather surprising fact that the use of a 
ring shaped annular resolving slit in this type of 
spectrometer was not suggested until rather re- 
cently^^ although the existence of a ring-shaped 
focus for the bundle of iS-rays appears to have been 
clearly apparent in earlier papers. In a homogene- 

Relatively little attention, however, ha» been paid to the 
poMubilities of combining electrostatic and magnetic de- 
flectiona for /S^apectrometry. 

/®The suggestion appears to have been first made by 
Witcher, (see reference 6) who did not, however, make the 
KKut of this very Ingenious idea. In a letter to the editor of 
the Physical RcvWhy S. Frankel, Phys. Rev. 73, 804 (1948) 
the lam gain in sdtd angular luminosity for a specified high 
tesolunmi obtainable by this ring focus is explained and 
mpliasla»d. In a still more recent letter to Uie Physical 
fi, Persico gives his conclusions as to the ppumum 
unite iiemroe sbe and angle of electron departure from the 
E, fmko, Phys. fov, 73, 1475 (1V48). 


ous magnetic field (solenoid) a bundle of /5-rays of 
specified energy leaving a source point on the axis 
of the spectrometer at colatitude-angles 6 in the 
range 6 i<d< 6 \+d 6 will focus ina ring whose plane 
is normal to the axis and whose radius and distance 
from the source can be readily calculated. It is 
this type of focusing with which we shall be con¬ 
cerned in this paj>er. 

The trajectory of an electron in a uniform mag¬ 
netic field is a helix. Let us consider a point source 
5 from which electrons of definite kinetic energy, 
Tf emanate with equal probability in all directions 
in space. Let us measure the kinetic energy of these 
electrons in terms of the dimensionless parameter, 
€=r/(mor®) (ratio of the kinetic energy^ to the 
electron rest-energy, 0.5108 Mev). As x-axis we 
take a line through the point source 5 in the direc¬ 
tion of the magnetic field whose intensity is //. 
Let the angle between the helical trajectory and the 
magnetic field be 6 . After one complete turn of the 
helix the trajectory will once more intersect the 
X axis in a point 5'. Let the diameter cf the helical 
trajectoiy be R and the distance 55' be L. Then, 
if e is the electronic charge it is easy to show by 
elementary considerations that 

R-2(mar///e)[(e+l)®-l]isine, (1) 

L='2ir(moc///e)[{€-l-l)® —1]^ cos^. (2) 

For brevity let K^2{mnc/IJe) and Q — K[^{€+iy 
— 13 *. The assemblage of helical trajectories eman¬ 
ating from 5 form a triply infinite family of helices 
characterized by the three parameters; (1.) the 
azimuth angle of the trajectory at 5, (2.) the colati¬ 
tude angle 6 at 5, and (3.) the parameter Q de¬ 
pending on the kinetic energy € and the field 
strength //. 

If we consider the entire suh-dass of trajectories 
having a si>ecified value 6-61 and Q — Qi but all 
values of the azimuth angle at 5, these helices 
will all be found to lie on a cigar shaped surface of 
revolution having the x axis as axis of revolution 
and having a sinusoidal profile or trace on a plane 
through the x axis. Figure 1 illustrates a side view 
of this surface of revolution with a few of the in¬ 
dividual helices traced upon it. Only the part of 
each helix on the side of the surface of revolution 
toward the observer is drawn, to avoid confusion. 
The trace or intersection of this surface of revolu¬ 
tion with a plane through the x axis will henceforth 
be designated simply by the word “trace,” and 
the cartesian coordinates x and y describing the 
equation of a trace will be taken in a plane through 
the X axis at any arbitrary azimuth angle. Clearly 
the angle made by the trace at the origin 5 with 
the X axis is equal to 8, since there is one of the 
helical trajectories which is tangent to the trace at 
5. We shall henceforth be much more concerned 
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Fig. 1. Illustrating that a family of helical trajectories of 
spedhed $ and Q lie on a sinusoidal surface of revolution. L la 
one full turn of the helix. 

with the traces than with the helices. The general 
equation of a trace is 

y^Q sin^ sin[x/(Q cos^)3. (3) 

The traces starting from the origin S form a doubly 
infinite family of sinusoids characterized by the 
parameters Q and B- Now suppose we hold the 
kinetic energy of the particles and the magnetic 
field intensity constant (i.e., Q constant) and im¬ 
pose a slight variation on 6. Two closely adjacent 
traces for a slight variation of B will be found to 
have an ultimate intersection point P which will 
not be situated at 5' but somewhere between 5' 
and the summit of the sinusoidal trace. Figure 2 
shows the geometry of two such adjacent traces. 
Let us compute the coordinates Xi and of this 
ultimate intersection point, by equating 

Xi Xi 

Q Bin(B+dB)s\n -sin^ sin-. 

Q cos(B+dB) Q cosB 

A straightforward calculation rejecting terms of 
higher order than the first gives 

Xi^{QiCos0i)4fi, (4) 

Vi = (Qi (S) 

Here Qi and 0i are the particular values of Q and 0 
which characterize the traces having the ultimate 
intersection at y,', while is an angle related to 
01 by the transcendental equation 

—tan®Si»tan^,', , (6) 

In Fig. 3 we plot the various branches of the 
curve tan^< and also the straight locus — tan*fii. 
The intersections of these two loci give the solu¬ 
tions for the solution of interest to us being that 
one which lies in the range r/2<i'i<r. Clearly 
when 

0 = 0, i>i = r, 

and when 

0 = r/2, ^i = ir/2. 

By substituting a series of values of between 

these limits it is an easy matter to calculate the 


corresponding values of 0, from the equation 

tan*tfi - — (tani'i/i'i), (7) 

and the curve of Fig. 4 has been traced in this way. 

Table 1 gives the relation between and 0i 
numerically. 

Geometrically is the abscissa coordinate tn 
angular measure of P the ultimate intersection 
point, that is 

costfi). (8) 

(The half-wave-length L of the sinusoidal trace is 

irQi cosOt.) 

The ultimate intersection point P on the sinus¬ 
oidal trace is obviously the focal place where the 
ring focus defining slit should be located in order 
to select a specified small band of kinetic energies. 
Clearly this slit must be an annular opening de- 



Fig. 2. Showing how two adjacent traces of constant Q 
but slightly different 9 determine an ultimate intersection 
point P. 

fined by a pair of diaphragms normal to the x-axis 
of the instrument.** We shall return later to a more 
careful consideration of the choice of the width of 
this opening. Its mean radius is given by y, (Eq. 
(5)). In Fig. 5 we show a family of different sinus¬ 
oidal trace-pairs for one and the same initial angle 
01 but different values of Qi (i.e., different kinetic 
energies or ms^netic field intensities). The ulti¬ 
mate intersection points are seen to lie along a 
straight line which also passes through the origin 5.** 

We now attack the problem of selecting the best 
value of 01, the colatitude angle at which the /9-rays 
to be used in the instrument are to issue from the 
source S. If we fix the two points 5 and P on a 
certain sinusoidal trace Ti characterized by the 
parameters Qi and 0%, P being the ultimate inter¬ 
section point for Ti with coordinates X{, y< given in 
Eqs. (4) and (5),and then consider the family of other 
sinusoidal traces which also pass through 5 and P 
in the ndghborhood of the trace Ti, these will be 
characteri^ by parameters 0 and Q in such a way 
as to establish a functional dependence between 
these two parameters. For these neighboring traces, 
as (9 depaits from 0i Q will depart from Qu but 
^ce the pdnt P ivas purposely selected as an uUi- 
mate intersection for die trace Tt (with its immediate 

**S. Fnmkd (tee nfeienoe 11) rsoomoMnds that the de¬ 
fining edges of the diaphragms lie on a cone with vertex at the 
aouroe and axis parallel to the magnetic field. 

** This line ban element of the cone teferred to by FreaksI 
(see referenoas 11 and 12). 
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neighbors) we have good reason to expect that the 
departure of Q from Qi corresponding to a specified 
departure of $ from $x will be a smaller order of 
infinilesiinal quatUily than the latter. Now what we 
aim to do is to select di in such a way that, for small 
deviations d$ on either side thereof, the largest 
possible solid angle at the source S results in the 
smallest possible inhomogeneity of kinetic energy. 
To do this we substitute the coordinates Xi, yi of 
the ultimate intersection point into the general 
equation of the sinusoidal trace. This gives us 

QisinBi /QiCosBi \ 

-sin^i »= sin I - J . (9) 

Q sin^ V Q cosB / 

Equation (9) is the implicit expression of the 
above mentioned relationship between Q and B 
which obtains for the family of traces passing 
through the points 5 and P. We must remember 
that ipi is a function of Bi but not of B. The solid 
angle of /3-rays emanating from the source point S 
is what we wish to maximize or more significantly 
still the fraction of the total sphere into which the 
/J-rays can be projected. Let us define d<l> as this 
fraction of the total sphere. Then 

d4>”^\s\nBdB. (10) 

Since we are only interested in small deviations 
of 6 away from Bi and of Q away from we define 



two small dimensionless quantities r and 6 as 
follows: 


Table I. 





Degrees 

Radians 

Degrees 

90 

1.S71 

90* 

91 

1.588 

80*30' 

76*40' 

92 

1.606 

93 

1.623 

73*40' 

94 

1.641 

71*20' 

99 

1.73 

63*20' 

108 

1.886 

52*00' 

44*25' 

117 

2.041 

126 

2.20 

38*20' 

135 

' 2.358 

33*10' 

144 

2.513 

28*20' 

153 

2.671 

23*30' 

162 

2.829 

18*40' 

171 

2.984 

13*00' 

180 

3.141 

0* 


for f one obtains 

cos»^i[6+(S/tan20i) + 2^,=* tan^^ija^; (11) 
now since 

cosd—cos^ I rd(cos^) "I 


COS01 L COS^i 

and ^ sinM^, we obtain d<l>^ = Kcos*^i)5*. So that 
Eq. (11) becomes 

r = r6H-tan*^il(d</!>)^ (12) 

L tan^^i J 

This shows that our prediction was correct, i.e., 
that f is indeed a smaller order of infinitesimal than 
B or than d^. 

Clearly if we are to minimize the inhomogeneity 
of kinetic energy we must minimize r. In fact 
calculation shows that for constant field H 

d€/€«[(t+2)/(€+l)>. (13) 

Our problem is thus reduced to the evaluation 
of the bracket of Eq. (12), 

B(di) =»6+S cot*di+2^f'i* tan*^j 


0—0i cos^-cos^i 

-^-^«f«l;-^K<1, 

cos^i 

We may confidently expect r to be an infinitesi¬ 
mal, at least one order of magnitude smaller than 5 
fw the reason explained previously. Rejecting in¬ 
finitesimals of higher order than the second, one 
obtains 

Qi^Bt B 1 5 3* 

*- ^1+ -1-1-r, . 

Q tan*tfi 2 tan*^i 4 tan^Bx 

iQ%/Q) (costfi/cosfl) * 1 * 3+ J® - r. 

these values into Eq. (9) and solving 


which is a function of Si only (since is a function 
of Bi see Eq. (6). Figure 6 shows the value of 
this bracket B{Bx) plotted as a function of Bi and 


Fig. 4. Graph of as 
function of S. See also 
Table I. 
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Table II gives the numerical values^ It was a 
matter of considerable surprise to the author to 
discover that B(0i) is very nearly symmetrical 
about its minimum point and that this latter 
appears to occur very nearly at Neither 

of the preceding statements is rigorously correct^* 
but clearly from the numerical calculations the 
minimum in B is sufficiently flat to insure that 
there will be no significant loss of energy resolution 
if is chosen anywhere within the range 40^<6i 
<50®. For the value of B is about 19. At 

40® and 50® it is about 20. 

We now pass to the discussion of the appropriate 
shape and finite extension to give to the source and 
the appropriate width and disposition of the an¬ 
nular resolving slit. It appears to the author that 
when an extended source is necessary symmetry 
considerations dictate a source in the shape of a 
small very thin flat disk at S normal to and con¬ 
centric with the X axis since this is the only shape 
for which all /3-particles emerge at the same angle 
with the surface (45®). The small but unavoidable 
retardation of those particles which traverse the 
active layer from different depths will thus be 
minimized. . 

It is clear that the /3-ray energy spectrum given 
by the spectrometer will have three^® independent 
instrumental sources of line broadening, (1) the 
‘‘spherical aberration” coming from the use of a 
finite angular aperture (2) the finite 

spectral width of the selected energy band deter¬ 
mined by the width of the resolving slit at the ring 
focus, (3) the radius of the source disk which we 
shall denote by p. Each of these sources of broaden¬ 
ing alone would, if the effect of the other two were 
reduced to negligible^ proportions, yield its own 
characteristic si)ectranine profile (corresponding to 



Fig. 5. A family of different trace pairs for the same 
initial angle but different Q, i.e., different energies or mag¬ 
netic intensities. 


^*The value of 0i which makes B(0t) a minimum can be 
easily obtained by expressing 3 as a function of 

cot^<-f2 tank'd. 

The minimum of this function occurs at 117.S depees and 
substituting this value into Eq. (7) one obtains the 
ending value of ^i“44*4' as the minimum point of 
This diners slightly but not significantly, from the value 
42®20' given by Persico (see reference 11). It is so to 45 
that we shall use the latter value in design calculations since 
there is a gain in simplicity by this choice. ^ ' 

How nearly the function is symmetric can be appreci¬ 
ated from the fact that even where B is enormous near •0 
and agmn near 6«ir/2, i.e., for vanishingly small angles 
B(i»)iB(ir/2-i|)-5:irV2. 

fourth source of broadening coming from the finite 
fkickness of the source is here ignored. 


Table II. 


#1 

B 

0 

00 

10' 

167.6 

20“ 

45.8 

30“ 

25.0 

40“ 

19.62 

50“ 

20.0 

60“ 

26.5 

70“ 

48.2 

80“ 

169.2 

90“ 

00 


a sharp line in the true energy spectrum). Figure 7 
shows the shapes of these three profiles. With all 
three sources of broadening operating simultane¬ 
ously the instrumental spectral line profile will be 
the fold of the three characteristic profiles, each 
with its own peculiar width parameter (determined 
by the stops and the source radius p selected). This 
resultant (folded) profile will have a resultant width 
parameter which will determine the resolving 
power of the instrument. At the same time, each 
of the three above mentioned sources of broadening 
contributes its factor to the counting rate of the 
instrument. The counting rate is in fact jointly 
proportional to the area of the source disk (p*), to 
the width of the energy band selected at the ring 
focus (we assume, sufficiently high resolution so 
that all the spectral distributions studied can be 
regarded as continua) and to the solid angle de¬ 
fined by the aperture stops. 

The problem we must pose is how to apportion 
the line broadening effects of the above mentioned 
three causes so as to minimize the resultant line 
breadth while maximizing the counting rate. The 
problem is complicated by the curious way in which 
the width parameter of the resultant folded profile 
is related to the width parameters of each of the 
three components. 

A brief discussion and justification of the three 
component profiles of Fig. 7 is first in order. The 
profile 7 coming from the finite aperture angle has 
an infinite ordinate at €««o but a finite area under 
the curve since the curve follows an inverse half¬ 
power dependence on c—to- This last may be 
shown as follows: Equation (12) implies that, for 
angles 0 (of j(3-ray departure) differing slightly from 
^ 1 , the energy < selected by an infinitesimally small 
ring focus slit (of appropriate position and radius 
to focus an infinitesimal bundle of rays of angle $i) 

The radius of the source disk has an important mfiuenoe 
on the counting rate chiefly in the case of direct sonfces of 
It Is to such cases that the remainder of the discussion m this 
article primarily applies. When the primary source is a gamma- 
ray source whi& is to eject secondary fl-rays from a ooni^rter 
it may be diat the counting rate yml not increase with the 
siseot the secondary /l-ray source. Then only die cause* 1 and 
1! (of line broadening) enter into the discuisioeu 
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will differ from co in first approximation by an 
amount proportional to (6—6iy, This is illustrated 
by the parabolic characteristic of Fig. 8. If jfei is a 
positive constant 

(14) 

Now dj the flux of ^-partides for small deviations 
of $ away from di will be proportional to the zone 
width d$ inside of which they are emitted. Dif¬ 
ferentiating Eq. (14) gives 

(15) 


Fig. 6. The bracket 
[6-h5 tan^^i] 


plotted as a function of $i. 
^ also 1 able 11. 



which proves the asserted inverse half power de¬ 
pendence of )3-particle intensity j on e — eo. The 
base width A i in h'ig. 7 over which this distribution 
extends is fixed by the finite range of angle 2A6 for 
which the angular aperture stop is set. From Eq. 
(12) it is easy to show that to first-order this base 
width is given by, 

^i=»(A«)i-[«{6+2)/(«+l)]5(fIi)isin2f?i(Af>)2. (16) 

The origin of the profile II of Fig. 7 is obvious. 
If we consider /3-rays emanating from a fixed point 
in the source, say the center, at a fixed sharply 
defined angle then a ring focus slit of narrow 
but finite width can be considered divided into 
adjacent infinitesimal elementary rings by each of 
which slightly different i5-ray energies are selected. 
Energy and position in the slit are linearly related. 
Because of the narrowness of the entire slit the 
/3-ray flux per unit width of ring and per unit small 
energy domain will thus be constant across the slit 
opening yielding the rectangular characteristic 
shown. The following formula may be readily de¬ 
rived from Eq. (4) and (5) to give the base width A% 
of the rectangular characteristic in terms of the 
ring focus slit geometry 

i4*»» (A€)2 sin6i)“^ 

X(<+l)“»«H€+2)*Ay.; (17) 

«li:-K^,cos^i)”K€+l)^'<*(«+2)^A:r.. (18) 

K^2(initc/He) 

Ayi and Ax< are, resi>ectively, the radial and axial 
widths of the ring focus slit which in formulas 17 
and 18 is assumed to have its outer and inner edges 
lying on the cone whose vertex is at the source in 
the way first suggested by Franke!,^^ see Fig. 9. 

The finite size of the source disk yields the semi¬ 
elliptical line profile shown in Fig. 7 at IIL This 
conclusion is arrived at as follows; Consider for 
the moment the trajectories of /3-rays which pass 
through a single point P in the ring focus slit and 
which take off from the source under a well defined 
angle Set up cartesian coordinates { and n on 
the sotirce disk with origin at the center such that 
the i^axis lies in the axial plane through P and the 


{-axis is {)erpendicular thereto. If now we displace 
the source point over the source in the n-direction 
holding d and P fixed the energy selected will vary 
for, small displacements, substantially linearly with 
the displacement because a radial displacement rj 
at the source with P fixed produces the same re¬ 
sult as holding the source {x>int fixed and executing 
a radial displacement —of the point P. On the 
other hand small displacements of the source point 
along the {-axis will result in no first order varia¬ 
tion whatever of the energy selected because such 
displacements are equivalent to holding the source 
point fixed and displacing P tangentially in the 
ring focus slit. Thus if the source disk is explored 
holding the point P and the angle 6 constant a con¬ 
tour map of lines of constant selec!ted energy can 
be plotted on the disk and these will simply be a 
set of equidistant straight lines parallel to the 
{-axis. If eo is the energy selected when the source 
point is at the center of the disk, then each differen¬ 
tial energy' domain will have associated with it a 
flux of /3-rays proi)ortional to the area between two 
of the adjacent parallel contours, that is to say 
proportional to the length of one of the chords of 
the circle while the distance of the chord from the 
center is proportional to € —€o as indicated in Fig. 
10. Thus, the flux of /3-rays per unit spectral energy 
interval will obey a law 

y = *3C^«^-(€»6o)^]* (19) 

which is in general the elliptical profile shown at 
III in Fig. 7. The half-width of this profile at the 
base is Az and is giv en in terms of the radius p of 
the source disk by the formula 

A 3 = (A€) 3 = (€+ 1)-UK<+2) 1 

X (sini/', co8^i)“*(8in0i)“^p. (20) 

A few remarks are now in order regarding the 
validity of folding the three profiles of Fig. 7 to 
obtain the resultant instrumental line profile. For 
this to be a strictly valid procedure the shape of 
each profile must be completely independent of 
changes in the variables upon which the other two 
profiles depend. Thus, for example, as we vary {and n 
in our exploration over the surface of the source disk 
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Fig. 7. Illustrating the three spectral profiles introduced 
by, (I) Finite angular aperture, (II) Finite width of ring focus 
slit, and (III) Finite size of source disk. 

holding the point P in the ring focus slit stationary, 
is it possible by means of appropriate stops to in- 
sure that B will also remain essentially constant as 
we have supposed it does in the above derivation 
of the elliptical profile? The answer is affirmative 
to a first approximation from the following reason¬ 
ing. We suppose, to simplify* the argument, that the 
diaphragm opening which selects the range of 
values, 6^6i±:A6t is placed at such a point along 
the axis of the instrument that the helical /3-ray 
trajectories shall execute just one-half of a turn^’^ in 
going from this diaphragm to the ring focus slit. 
(For a spectrometer in which this situates 

it at about O.IS the distance from S to 5'.) If this is 
done then displacements of the source point on the 
source disk along the n direction (direction of 
greatest rate of change of energy) produce tangmiial 
displacements of the trajectory in the (^-selecting 
slit so that B remains constant to the first order. 
Furthermore, displacements of the source point 
over the source disk along the {-direction produce 
changes in the limiting values of B which can also 
be shown to affect the value of the energy only to 
the second order. This arises from the fact that the 
maximum displacement p over the source disk turns 
out to be small in comparison to the width of the 
^-selecting slit for an instrument of reasonably 
high resolving power such as ^€/e= 1/1000. Thus, 
we are reassured that the instrument affords a 
means essentially equivalent to holding p and the 
point P fixed while varying { and r\ over the source 
disk. The other two cases are much more easily 
perceived and need hardly be discussed beyond a 
mere statement of each. They are: Hold B and the 
source point {, n fixed while varying the point P in 
the ring focus slit. Hold P and the source point {, 
1 ?! fixed while varying B. 

We must now decide what width parameter (of 
the folded resultant of profiles /, //, III) to choose 

” One-half turn of the helical trajectory corresponds to 
one-quarter turn round the principal axis of the instrument 
sin^ the latter is on the circumference, not on the axis of the 
helix. This choice of position for the ^-selecting slit simplifi^ 
the discussion but is not to be regarded as imperative. Tlie 
point where the two extreme traces of the penal are radially 
farthest apart might be an even better place to bcate it. 


as a measure of the instrumental resolving power. 
If we choose the base width Wb of the resultant line 
for this measure, this will be given very simply by 
summing the base widths of the components, i.e., 
Wb^Ax^A%+Az, Now since the counting rate is 
proportional to the product A\^A%Af, if we wish to 
maximize this rate while holding Wa^Ai^At+Ai 
at some specified constant value it is a simple 
matter to show that we must make Ax^Wb/T^ 
A^^IWb/I and At^^Wa/l* To the writer, Wb 
does not seem to be a satisfactory measure of re¬ 
solving ix)wer however. It is too conservative a 
choice. A much better measure is the width at half¬ 
maximum height which we shall designate simply 
as W. To get this we must actually fold profiles /, 
//, and III together. 

It is a well-known fact that the o|:>eration of 
folding several functions together gives a resultant 
whose shape is independent of the order in which 
the folding operations were performed. Let us fold 
profiles I and II together first. We shall call the 
half-maximum width of the resultant, Wn. Be¬ 
cause of the discontinuous nature of the functions 
it is necessary to distinguish two cases correspond¬ 
ing, respectively, to Ai<A% and A 2 <Ai, Perhaps 



Fig. 8, Dependence of 
«—€oon from which 
profile / is derived. 


the easiest way to obtain the fold is to decompose 
profile II into two step functions, one positive the 
other negative, with a displacement A% between 
the discontinuities. The fold of each step function 
into the inverse half-power curve then gives a 
parabola with horizontal axis. By such reasoning we 
obtain the results shown in Fig. 11. The case <.4 1 
breaks into two sub-cases according to whether 
^,<(16/25).4i or (16/2S)i4i<.4j<^,. For the 
latter sub-case the half-maximum width becomes 
Wii^Ai+Ax-“iAiAx)** This then is the sub-case 
within which the half-maximum width makes the 
transition from its lower boundary value At to its 
upper boundary value 2lA$/\6. The important 
thing to notice about this bizarre behavior of the 
half-maximum width Wxt is that it remains within 
the very narrow range, At<Wxi<2lA%/l6, both 
upper and lower bounds of which are independent of 
Ai no matter how large Ax may become. Since the 
counting rate is proportional to one might at 
first be tempted, by greatly increasing the half 
aperture angle to make Ax very large indeed 
since it will not result in any increase in half 
maximum width This however would be un¬ 
wise because such an increase in Ax m^y odds 
intensity by Imgfhening the tail of the line td the 
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right (Fig. 11), That part of the line which ifi useful 
jn resolving it from other lines is the core or essen¬ 
tially the part inside the two half-maximum points 
and as Ai increases (A 2 constant) there is no gain 
in the intensity associated with this core beyond 
the point Increasing Ai beyond the value 

A 2 therefore merely adds to the background dis¬ 
tortion in an objectionable way without usefully 
increasing the intensity of the core of the line. On 
the other hand as is decreased below At the 
intensity associated with the core of the line dimin¬ 
ishes. We conclude therefore that the optimum is 
probably achieved if Ai^Ai in which case the line 
assumes the simple form shown in the second dia¬ 
gram from the top of Fig. 11. It is this profile then 
which we shall fold wdth the elliptical profile III 
of Fig. 7.^* 

Four values of the ratio A 3 /W 12 have been se¬ 
lected for plotting namely, ^a/lFu-O.S, 0.75, 1.00, 
1.25. In each case the folded profile has been 
plotted and W the width at half-maximum has been 
determined in terms of Wi 2 —Ai = A 2 - If we think 
of the half maximum width IV as held constant we 
can thus express the three width parameters Au 
Atf Ah of Fig. 7 as multiples of IV for the case of 
each of the four ratios Ai/Wi 2 chosen. Now the 
total counting rate will be proportional to the 
product Ai^AzAi^ as we have already stated so 
that it is iXBsible to compute a number which will 
be proportional to the total counting rate for 
constant W as a function of various ratios As/Wn. 
Table III shows the data with which this has been 
done. 

In Fig. 12 we show the numbers (proportional to 
counting rate) in the last column of Table III 
plotted as a function of Az/Wn^ It seems clear 
that the optimum value occurs somewhere very 
close to At/Wit^l or in other words the condition 
Ai^^At^Az in all probability comes very close to 
giving the greatest counting rate for the least re¬ 
sultant width at half maximum. In Fig. 13 we 
show the resultant optimum line profile to be ex¬ 
pected under this condition. Note that this profile 
has a width at half maximum which is 1.62 times 
each of the three equal parameters Au A 2 , or Az* 
Only a slight vestige of the asymmetry which re¬ 
sults from the influence of the profile I can be de¬ 
tected when we examine Fig. 13. The width pa¬ 
rameter > 43 is shown to scale in the figure. 

The author makes no claim that the above analy- 


If the case in point ie one in which the finite radius of the 
source di«k plays no part in giving an increased counting rate 
(v-ray sources for example) so that the loss of resolving power 
ffom cause Ill can be kept small in comparison to that from 
causes 1 and 11 without any sacrifice of counting rate, then 
the discuision from this point on concerning the effect of 






Fjg. 9. Showing geometry of ring focus slit with its edges 
lying on a conical surface with vertex at S. 

sis for the optimum relationship between the pa¬ 
rameters Au A 2 , and Az is highly rigorous. He is 
well aware that the procedure of first choosing the 
optimum condition Ai^Az using the width W 12 
as a criterion before folding I and II into III is 
strictly open to criticism. The condition Ai^Az 
“ila is not here laid down as giving accurately the 
greatest intensity for a specified resolving power. 
It seems likely however that it defines the optimum 
condition so closely that no significant gain in 
intensity would be effected by modifying it. 

The radius p of the source disk should obviously 
then be chosen so that the loss of energy resolution 
Az from this cause alone shall be equal to the 
loss of energy resolution from the solid angle 
(or from the range A0) given in Eq. (16) also the 
width of the ring focus slit should be chosen to 
make A 2 =^Ai using Eqs. (17) and (18) to propor¬ 
tion the radial and axial spread of the slit. The 
condition Az-Ai gives the following formula for 
the radius of the source disk 

p^K€^{t+2)^B{$i){smdx) 

2moC 

X(sin^i-^i cos^.)(</4>)*; -. (21) 

He 

For the optimum design with di = 45° and ^,=“2.03 
rad., this gives 

p = 36i?(c/^)2 (22) 

in which 

R « v2(moc///c)C(€+ 1]I. (23) 

R is the maximum radial distance of the median 

traces from the axis of the instrument. We shall 
take it as a convenient geometrical unit in terms 
of which all the other linear dimensions are to be 
expressed. 

The condition A 2 -A 1 leads to the following 
formulas for the dimensions of the ring focus slit, 

JC€K€+2)1 sin^,- 8indiB(0i)((/</>)*, (24) 

Ax,- co^SiBiSi) (25) 

Fig. 10. Ifio-energy 
bands and coordinates L n 
on the source disk. To 
illustrate derivation of 
profile IIL 
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For the optimum design with and 

«2.03 radians these become 

Ayi^lSR{d^)\ (26) 

Axi^AlR{d<t>y, (27) 

Clearly, for a given energy e, Eq. (23) shows that 
we may take R as large as we please provided we 
can m^e H small in inverse proportion. There is 
an advantage in large dimensions because by Eq. 
(22) p is proportional to R and hence the utilizable 
area and strength of source increases as p* and if*. 
The practical limit to this occurs either when the 
cost becomes prohibitive or when H must be made 
so small that uncontrollable outside magnetic in¬ 
fluences disturb the field distribution intolerably. 

Figure 14 is a schematic axial section through the 
instrument showing its geometry and the nomen¬ 
clature of its principal dimensions. We append 
below a list of the principal useful formulae and 
relations for the optimum case of ^i = 45®, the 
nomenclature being that indicated in Fig. 14. 
Attention is called to the ^-selecting stop that is 
required to define the two extreme traces on either 
side of the median trace (^i==45®). This is placed 
one-half turn- of the helical jS-ray trajectory nearer 
to the source than the ring focus slit.*^ Other stops 
which do not define the beam but serve merely to 
reduce scattering will doubtless be found advan- 



Fig. n. Illustrating the various cases which arise when 
profiles I and 12 of Fig. 7 are folded together. In the above 
figure At has been progressively diminished holding Ai con¬ 
sent. The component profiles are shown in each case on the 
right, the folded resultant on the left Note that the half- 
nuudmum width Wu of the folded resultant never becomes 
less than At or greater than (2i/t6)At> 


TABtB III. Case of 


A%/Wxt 

W 

Ai^At 

At 

--Li- ^ 

Ai^AtA^ 

0 

1.00 Wit 

1.00 W' 

0 

0 

0.50 

1.19 Wit 

0.84 W 

0.420 W 

0.135 

0.75 

1.40 Wit 

0.714 W 

0.53S W 

0.173 

1.00 

1.62 

0.617 W 

0.617 W 

0.185 

1.25 

2.00 T^t. 

0.500 W 

0.62.5 W 

0.138 

00 

A, 

0 

1.000 W 

0 


tageous. A heavy lead core to protect the counter 
from gamma rays is also commonly provided. These 
are omitted however in Fig. 14. 

Resume of Formulas for Optimum (^-Spectrometer 
Design (6i»=45‘’) 

Fundamental Radius 

R * iV20, \2(moc/He)C(<+1)* -1]*. (28) 

Luminosity or Utilizable Fraction of all fi-emissions 

sinM^i* (29) 

Energy Uncertainty Parameter A i Caused by Angular 
Aperture 

A X - (As) I« €(€+2)(€+ iy^20{d4>)\ (30) 

Radius of Source Disk {to make An^Ai) 

p^40R{d4>)\ (31) 

Radial Width of Ring Focus Slit Opening {to make 

At^Ai) 

^yi^\iR{d<i>Y. (32) 

Axial Width of Ring Focus Slit Opening {to make 

At^Ai) 

AXi^ilR{dfl>)\ (33) 

Mean Radius of Ring Focus Slit 

r.-0.896R. (34) 

Mean Axial Distance of Ring Focus Slit from Source 
S^IMR. (35) 



Fxc. 12. Curve indicaUhg the optimum ratio o£ AtfAi to 
yield nuudmum intensity for a spedfied breadth W (at mf 
maximum) of the tesaltant of the thnee profile* A It, aiid //A 
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Fig. 13. Resultant instrumental line profile for the opti¬ 
mum case, Ai^At^Ai. The half-maximum width, IF, turns 
out to be l,62A where A The base width is 4A. 

The component profiles I~II (fold of 1 into 11) and III are 
shown. Profile J/J may be thought of as the one which moves 
across profile /-// to give the resultant showri, A vestige of 
the asymmetry of I-11 can be seen in the resultant. 

Mean Axial Distance of Counter from Source 


L^tR. (36) 

Linear Extension of fi-Ray Beam on the Axis at the 
Counter 

C--2irVlRd4>^ (37) 

Axial Distance of B-Selecting Slit from Source 

A0-^OAS9R. (38) 

Mean Radius of B-Sdeciing Slit 

r#=s0.444jR, (39) 

Half-Radial Width of B-Sdecting Slit 

An * O.SS^Rdij, * 2A2Rd<p, (40) 

In a magnetic j9-ray spectrometer of the type 
here described if the resolving power is very high 
the geometrical axis defined by the source and 
stops must be very accurately aligned parallel with 
the magnetic field, otherwise the ray traces will 
not register correctly and simultaneously all around 
the annular defining slit. For this reason it will be 



Fig. 14. Schematic axial section through /^ray spectrometer 
giving nomenclature of optimum dimensions. 

wise to provide for a slight amount of angular ad¬ 
justment so that the orientation of the vacuum 
chamber with its source holder, stops and counter 
can be slightly varied relative to the solenoid which 
furnishes the magnetic field. 

It appears from the present analysis that by 
adhering to the optimum proportions as indicated 
above it should be possible to design a | 8 -ray spec¬ 
trometer with a direct ^-ray source in which the 
utilized fraction of the total sphere around the 
source is d^-O.Ol and in which for the three cases, 
c = l, €» 1 , the resolution is given respectively 
by A€/e“ 0.0065, 0.0049, 0.0032 wherein Ac is the 
full instrumental line width at half maximum in 
c-energy units and c is the energy at which the line 
occurs expressed as a fraction of the electron rest 
energy. The radius of the source disk should be 
for such a case p-0.004i? where R is the funda¬ 
mental radius of the instrument (or the maximum 
radial distance from the central axis attained by 
the median ray of the pencil of electron trajectories). 
If the source disk can be made indefinitely small 
without loss of intensity (case of 7 -ray source with 
converter) then Ac/c«= 0.004, 0.003, 0.002 for the 
above three cases. 

The author wishes to acknowledge with gratitude 
very helpful criticisms and discussions of this paper 
by E, R. Cohen and by Professor R. F. Christy. 
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Tissue Stimulstors Utilizing Radiofrequency Coiq;>ling* 

Otto H, Schmitt and Donald R. Dubbbrt 
DepartmetUs of Zoology and Physics^ Unwersily of Minnesota, Minneapolis, Minnesota 
(Received October 18, 1M8) 

Voltages of arbitrary wave forms, such as those employed for stimulating biological tissues, are 
normally obtained from “grounded” signal generators. Isolation of such signals from ground can be 
accomplished by utilizing radiofrequency transmission of energy. The signal generator voltage serves 
as the source of plate power for a midget radiofrequency oscillator which converts the signal to ampli¬ 
tude-modulated carrier energy. This radiofrequency energy is then transmitted across a small air gap 
to a receiving circuit where it is demodulated and filtered. The voltage thus recovered is a faithful re¬ 
production of the original signal but is isolated from the input circuit as well as from ground. One 
model of this radiofrequency link which was developed for'nerve stimulation and which has performed 
well in the laboratory is described in detail. 


D uring recent years many excellent designs 
for electronic tissue stimulators have ap¬ 
peared in the literature of biophysics. As the need 
for special forms of stimulus has arisen, e.g., step 
wave, square wave, pulse, double pulse, modulated 
tetanus, etc,, electronic circuits have been evolved 
in various laboratories which adequately meet each 
of these special requirements, and it is economical, 
wherever possible, to utilize these developments 
instead of devising new but essentially similar 
apparatus. 

A shortcoming of all usual stimulators is the 
electrical return path to ground, either conductive 
or capacitive, which they invariably exhibit. This 
return path greatly reduces the flexibility with 
which multiple stimuli can be combined and prac¬ 
tically requires the use of a differential amplifier 
except in the simple cases where miniature trans¬ 
formers can be tolerated. Even the best of such 
transformers have considerable interwinding ca¬ 
pacitance, and none can deliver unidirectional 
wave forms. 

By utilizing a radiofrequency link as described in 
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Fig. 1, Basic stimulator circuit, Ci, C,, 20 M^f; Ci, G, 100 
2200 ohms; Rl, 22.000 ohms; Ti, 6J6; Tt, 
1JN34; 17 turns No. 24 heavy Formvar wire; cathode 

mp on Li 4 turns from grid end of coil. Tubular ceramic con¬ 
densers and i-watt resistors are used throughout. 

* Tht« supported in part by granu from the Gradu- 

ate Sc^l <rf University of Minnesota and from the Rocke¬ 
feller Foundation. 


a preliminary note,* it is possible to use the pulse, 
step wave, d.c., or other stimulating wave form or 
combination wave form as obtained from <»nven- 
tional “grounded" stimulator systems and still 
retain electrical isolation. The stimulus itself be¬ 
comes the source of plate power for a midget radio- 
frequency oscillator, and this radio power is trans¬ 
mitted across a small air gap to lie received and 
demodulated by a tiny coil and varistor type recti¬ 
fier system. The output voltage now faithfully re¬ 
flects the wave form of the input but is electrically 
isolated from it and from ground. 

Volti^e generated in this manner can be treated 
as though it originated from a completely isolated 
power source, and several different stimuli similarly 
generated can be mixed at will or applied to dif¬ 
ferent points on the tissue without reference to 
grounds. Sinc« the radiofrequency link actually 
derives its plate power from the stimulus source, it 
can be used with any standard stimulator. 

While there is nothing intrinsically difficult in 
the design of a unit embodying these principles, it 
will be found that considerable engineering design 
effort is required to develop a unit which is physi¬ 
cally compact, electrically stable, efficient, and 
linear in output. One form of this stimulator has 
been standardized in this laboratory and for some 
months has given dependable satisfactory service. 
This stimulator tc^ether with its performance 
characteristics will be described in some detail so 
that it can be duplicated conveniently. It is hoped 
that this design will serve as a basis for further 
development. 

The essential circuit of the stimulator is shown 
in Fig. 1. A small tank circuit together with a 6J6 
miniaturi type tube with both triode sections con¬ 
nected in parallel constitute a Hartley grounded- 
plate oscillator. An inductively coupled tuned sec¬ 
ondary or receiving circuit terminates in a 1N34 
germanium crystal diode and Alter. The oscillator 

1 twwie MiiBii. 

Wtor," ScaeiKR Ifly, 432 (1948). 
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is plate modulated, the necessary plate power being 
furnished by the stimulating voltage generator. 
The only additional source of power required is 
6.3 volts at 0.45 ampere for the filament of the 6J6. 
This power may be d.c. or a.c. and may be grounded 
or ungrounded. Condensers Ci and C* constitute 
the primary and secondary tank capacitances, 
respectively. Approximate tuning of the oscillator 
and receiver circuits depends upon the choice of 
these capacitances while the fine tuning is ac¬ 
complished by adjusting a powdered iron core 
which can be moved axially inside the coil form by 
means of a threaded shaft. Since increased in¬ 
ductance in one coil is accompanied by decreased 
inductance in the other, adjustment for double- 
tuned resonance is easily found. 

The grid leak resistor Ri is adjusted for proper 
bias to give maximum efficiency consistent with 
stability of operation. The grid condenser should 
not be so large as to encourage intermittent oscilla¬ 
tions nor so small as to decrease oscillator efficiency 



Fig. 2. Side view of complete stimulator. 

greatly. In adtlkion, the reactance of this condenser 
at the highest frequency component of the modulat¬ 
ing voltage should be at least twice the grid leak 
resistance in order to preserve linearity of modula¬ 
tion. The by-pass condenser at the input to the 
oscillator must have low reactance at the oscillator 
operating frequency but must offer a high imped¬ 
ance to the modulating voltage. If a shielded input 
cable is used, its distributed capacitance will usually 
suffice for this capacitance. 

The resistive load across the oscillator coil for 
maximum efficiency is easily determined experi¬ 
mentally and the receiver circuit is then designed 
to reflect this load into the oscillator circuit. It has 
been shown both experimentally and analytically 
that the equivalent input impedance to the rectifier 
filter chcuit is approximately one-half the load re¬ 
sistance Rl and is essentially resistive. Thus th.e 
turns ratio of the primary to the secondary coil 
windings can be determined once the load re- 
Bistaaoe Is estsd}Ushed or the reverse. 

AfUd^ of the rectifier and filter circuit usmg 



Fig* 3. View of stimulator showing receiver section. 

actual experimental characteristic curves for the 
1N34 germanium diode instead of assuming ideal 
characteristics shows that a 20 percent loss of power 
in the crystal is inevitable. The maximum output 
voltage which the stimulator can produce with 
reasonable linearity is determined by the peak in¬ 
verse voltage rating of the crystal diode rectifier. 
Theoretically, the rectifier should be able to pro¬ 
duce an output voltage about one-half the inverse 
\yeak rating of the diode. With the 1N34 this rating 
is 60 volts and, consequently, 30 volts of output 
should be available. Usually at least 30 volts 
output can be obtained and with selected 1N34 
units as much as 40 volts can be realized linearly, 
if very high voltages are required, several IN34 
units can be used in series, raising the output to 
60, 90, or more volts and special rectifiers such as 
the 1N38 and 1N39 with higher inverse ratings up 
to 200 volts are obtainable. 

The filter section of the receiver circuit is de¬ 
signed so that its time constant RC is lai^e coin- 
pared with the time for one carrier oscillation but 
small compared with the period of the highest im¬ 
portant frequency component in the stimulating 
voltage. Consequently, the ratio of carrier fre¬ 
quency to highest signal frequency should be at 
least 100. For normal requirements, carrier fre¬ 
quencies between one and twenty megacycles per 
second prove satisfactory. Design is simplest in 
the vicinity of five megacycles per second. 



Fig. 4. Dimensbnal sketch of plastic frame for sUmutator. 
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Fig. 5. Section view of plastic frame showing general 
placement of components. 


Figures 2 and 3 show two detailed views of one 
completed form of the stimulator. The stimulator 
proper takes the rough form of a cylinder about 1'' 
in diameter and 4" over-all including the tube. It 
is often convenient to mount the unit in a small 
Lucite stand as shown. It may be detached from 
this stand in a moment by loosening a single set¬ 
screw. As the pictures indicate, the unit is physi¬ 
cally small and is thus easily installed in existing 
equipment close to the tissue to be stimulated. All 
the components including the miniature tube socket 
are mounted on a cylindrical frame machined from 
1422 Textolite. A dimensional sketch of this frame 
is given in Fig. 4, and the general placement of 
components is shown in Fig. S. The oscillator and 
secondary coils each consist of 17 turns of No. 24 
heavy Formvar wire wound in grooves on the frame. 
The coils are approximately circular in section. The 
inductance of each coil is 6 microhenries with a Q 
of about 65. The presence of the powdered iron core 
increases this inductance by a factor of about 2 
thus giving an adequate tuning range without 
changing the Q appreciably. The cathode tap of the 
oscillator coil is 4 turns from the grid end of the 



Fig. 6. Stimulator transfer characteristics. Curve A shows 
output versus input voltage when the receiving circuit utilta«s 
a single 1N34 germanium crystal diode rectifier. Curve B 
•hows the tmnrfcr characteristic using two lNa4 uaits con- 
nected in series. In each case the load re^stance is 22,000 <^mi. 


coil. The values of the remaining components are 
included in Fig. 1. Ma^dmum. output and best 
efficiency are achieved when the two coils are 
tuned for operation at around 7.5 megacycles per 
second. Tiny solder lugs fastened to the plastic 
frame by 0-80 machine screws aid in mounting the 
individual components and a coat of polystyrene 
based coil dope protects the coils and holds them 
rigidly in place. 

Linearity of the stimulator response is shown in 
Fig. 6 where output voltage is plotted against 
ioput voltage. The rectifiers used in the receiving 
circuit for these rases consisted either of a single 
IN34 crystal diode or of two diodes connected in 
series. These crystals were not specially chosen to 
give best results but represent better than average 
diodes of this type. As one might expect, linearity 



Fig. 7. Over-all stimulator efficiency curve (operating 
conditions corresponding to curve Fig. 6). 


with a single cr>^stal extends to about 30 volts and 
with two crystals to over 60 volts. In each case, 
however, the output in the linear region is roughly 
I of the input voltage when working into a load of 
22,000 ohms. It will be noted that an initial signal 
of about 1.3 volts is required to set the oscillator 
into operation. Where extreme linearity is required 
even to very small output levels, a d.c. bias of this 
value may inserted in the input circuit. 

Figure 7 illustrates a typical stimulator efficiency 
curve. The oscillator itself has an efficiency of 
approximately 50 percent. Efficiency of the stimu* 
lator without the rectifier and filter circuits is 
between 30 percent and 40 pa'cent and, as the 
figure shows, the over-all efficiency of operation has 
a maximum value of approximately 25 percent 
remaining fairly constant over the useful operating 
range. 

Measurements with a sensitive capacitometer 
indicate a capacitance from output to input of 
approximately 5 micromicrofarads. If shielding is 
us^ to prevent direct transfer of residual radio* 
frequency signal to the tissue circuit, this ca* 
pacitance may be slightly greater, Ordinary tissue 
amplifiers have little response at radloftequ^OC^ 
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and it is necessary only to hold down r-f pick-up 
to a level where the amplifier is not driven beyond 
its linear characteristic. 

Although the r-f coupled stimulator was spe¬ 
cifically designed to provide voltages isolated from 
ground to be used in connection with single nerve 


fiber studies, there appear to be several other 
applications where the basic principle is equally 
useful. Wherever a control or signal voltage appear¬ 
ing at some d.c. voltage level must be applied to 
circuits at a different voltage level, it is a simple 
and compact device for providing the transition. 
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Absorption Corrections in X-Ray Studies of Preferred Orientation* 

R, Smoluchowski and R. W. Turner 
Carnegie InsHlule of Technology, PiUsburgk, Pennsylvania 
(Received October 18, 1948) 

A general formula is derived for the evaluation of correction factors in the study of preferred 
orientations in flat specimens. These factors depend on orientation of the sample, angles of diffraction, 
thickness of specimen, etc. In practical applications a graphical presentation of the absorption cor¬ 


rection proves to be particularly useful. 

M ost of the qualitative investigations of pre¬ 
ferred orientation in flat specimens are limited 
to comparison of x-ray patterns obtained with the 
direction of the x-ray beam perpendicular to the 
specimen. The various factors affecting the intensity 
of the x-ray diffraction in that case are well known 
and easy to take into account. 

P'or accurate investigations, however, patterns 
obtained with the x-ray beam inclined to the surface 
of the specimen are necessary, and the correction 
for absorption becomes rather complicated. Re¬ 
cently formulas for this corrective factor applicable 
to pole figure work with a Geiger counter x-ray 
spectrometer have been published.‘ They are, how¬ 
ever, not general enough for the standard photo¬ 
graphic method, and thus it seemed advisable to 
report on formulas and graphs used for some time in 
our laboratory in the study of preferred orientation. 


Let us consider a flat specimen as shown in Fig. 1, 
which also illustrates the quantities used: /—thick¬ 
ness of sample; a—angle between beam and normal 
to surface of sample; c = (f/cosa)—sample thickness 
in the direction of the beam; x —distance along c 
traversed by beam before a given individual re¬ 
flection occurs; —angle around the reflection ring 
on the film; the point at which is determined 
by the intersection of the film and the plane con¬ 
taining both the x-ray beam and the surface normal 
of the sample. 

For a reflection which strikes the film at the 
thickness of sample traversed after reflection is 
given by 

l{c—x) cosa]/i4 

where A »cosa cos2^4*sina sin2dcosiCl. Hence, the 
intensity as the beam reflected between x and jc+dx 


Fig, 1. Diffraction of x-rays in a 
aami;>le inclined to the beam. 



* work was supported by the Atomic Energy Commission. 

* DfecOw, Asp, and HaHmr, J. App. Phys. 19, 38^ (1948). 
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Fkj. 2. Relative intensity around reflection ring. For various 
sample ^itions, (50% Fe- 50% Co alloy. 0.025 mm thick, 
(110) reflection, Mo —A'a radiation.) 

leaves the sample is 

exp{ — p[(c-'a:) cosa/v4]J(isc. (1) 

(All constant factors, such as the structure factor 
for the reflection, which will be cancelled by taking 
the ratio of two intensities about one reflection ring, 
have been dropped.) The total intensity of the 
given reflection is found by integrating (1) from 
X to X = and the final result is 

/ = {A/A -”COsa)[e’ (2) 


It is most convenient to express this as a graph 
of / vs, for each of a series of values of a, 0 being 
held constant. For simplicity and accuracy in 
making such plots* it is best to transform £q. (2) 
by converting the exponentials to hyperbolic func¬ 
tions. By this method, the equation can be reduced 
to the form 




[ 


sinhir(l—f«) 


] 


(3) 


^^here 

K « (m^/2 cosa), m — l/(cos2^+sin2^ tana cos/?). 

Figure 2 shows a typical plot of Eq. (3) obtained 
for the (110) reflections of an alloy of 50 percent 
Fe and 50 percent Co, in a sample 0.001-inch thick. 
The values of J have been adjusted to a value of 
100 for a»0®. Plots of this type were made in 
this laboratory and proved to be of great value in 
quantitative evaluation of photographic measure¬ 
ments. In certain cases formula (3) can be greatly 
simplified. If |iC(l—m)) ^0,25 then the expression 
represents the correct intensity to 
within one percent, and if |jr(l-“W)) ^0,5, to 
within less than five percent. 

It should be emphasized that these plots give 
only relative intensities; any one point in a reflec¬ 
tion ring may be selected as unity, with other 
points expresi^ as fractions or multiples of that. 
One may then correct observed intensities accord¬ 
ingly and determine the true relative intensities 
reflected in the various directions. 

The corrective factor derived by Decker, Asp, 
and Marker is a particular case of our formula (2) 
for jS»0 and with zero value of a taken at the 
point at which 

The authors wish to thank Mr. R. Louts Bright 
for his help in evaluating the formulas, and Mr. 
Albert Kimmel for his careful work in plotting the 
graphs and figures. 
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A Rapid Infra-Red Gas Analyzer 

Richard C. Fowler 

Department of Physiology and Vital Economics, School of Medicine and Dentistry, 

University of Rochester, Rochester, New York 
(Received October 28, 1948) 

A brief description of an apparatus, together with a few representative curves, is presented, suit¬ 
able for measuring the composition of very small amounts of any gas having at least one near infra-red 
absorption band or, if measured in the presehce of other gases, at least one unique absorption band. 
With the bolometers used, 90 percent full scale response is obtained in 0.15 seconds on a 0.5 cc 
sample, permitting a 0.4 cm optical path and a very nearly linear response over the range usually 
found in physiological concentrations and anesthesia. 


I N connection with many problems in physiologyt 
cardio-respiratory disease, anesthesia, etc., an 
instantaneous means for analyzing quantitatively 
and continuously the respired gas during the respira¬ 
tory cycle is desirable. Various ingenious methods 
have been devised to accomplish this, each with a 
particular limitation. Some of these schemes, to¬ 
gether with their outstanding features follow: 

(a) The classical fractional sampling of a single 
expired volume of gas‘** lacks time or volume- 
composition ^Vesolution,*' involves laborious chemi¬ 
cal analysis and is not instantaneous. 

(b) The thermal conductivity method again is 
not instantaneous, with a minimum time lag of IS 
to 30 seconds,but is commercially available in 
reliable form. 

(c) The acoustic methods’ are now largely in the 


developmental stage. They are operable for some 
gases including oxygen, but have not proven satis¬ 
factory for carbon dioxide and some other gases. 
Since some interfering gases must be removed, and 
because of the electrical circuit used, they will have 
an appreciable delay. 

(d) The mass spectrometers®-® have a small de¬ 
lay, largely in the sampling device, are quite cum¬ 
bersome and expensive, but have the particular 
advantage of multiple simultaneous analyses. There 
is still some question of accuracy, however, as a 
result of the relative velocity of gases of different 
characteristics. 

(e) The‘‘spectrophotometric" method, developed 
by Dr. Lilly^®-“ involving the continuous sampling, 
subsequent ionization and photoelectric measure¬ 
ment is relatively expensive and cumbersome and 
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Fig. 2, Infra-red analyzer. 
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* Cambridge Instrument Company, Hat No. 144. 
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Cminctmtyj (Cambridge University Press, London, 1933k 
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Fig. 3. 


will have a time lag of the same order as the mass 
spectrograph and man}^ oY the same criticisms 
apply, but it is quite versatile and should be 
capable of considerable accuracy* 

(f) The interferometric method/* while rejx>rtedly 
very accurate, requires constant manual adjust¬ 
ment and has a response lag of the order of 25 
seconds. 

(g) The paramagnetic oxygen analyzer^** has 
proven to.be a highly satisfactory device and is 
available commercially in a very reliable form^‘ but 
is limited in usefulness and has a time lag of the 
order of 15 seconds. 

(h) The optical gas analyzers, principally infra¬ 
red/* depend on the unique absorption bands of 
the various gases, and consequently are limited in 
their usefulness to those having sufficiently strong 
absorption in a useful range. In addition, their 
time response is limited to the rate of response of 
available infra-red detectors. The instruments on 
the market at present require a considerable volume 
of sample^^*'*’^® resulting in a poor volume-composi¬ 
tion “resolution,” and are relatively slow. An infra¬ 
red “acoustic” device has been described, but has 
not been developed commercially.*® A new instru¬ 
ment, developed by Phillips Laboratories, seems to 
have eliminated most of the objectionable features, 
but is expected to be quite expensive and is not 
available commercially as yet. British devices utilize 


« T. Benzinger and C. Kiuinger, “Photographische 
trierung interferometrischer gas analysen/' AAr Aero 
Center, Heidelberg, Germany, 1946. 

L. Pauling, R. E. Wood, and J. H. Sturdivant, "‘AVi instru¬ 
ment for determining the partial pressure of oxygen in a gas,** 
J. Am. Chem. 68, 795 (1946). 

** C. A. Dyer, “A paramagnetic oxygen analyzer/* Rev. Sci, 
Inst. 18, 696 (1947). 

“Arnold O. Beckman Company, Pasadena, California. 

“E. D. McAlister, “Spectrographic method of measuring 
carbon dioxide concentration/’ Phys. Rev. 49, 704 (1936). 

“ Baird Associates, Cambridge, Massachusetts. 

“Leeds and Northrop Company, Philadelphia, Penn¬ 
sylvania. 

“N, Nelson, The N.D.R.C, infra-red gas analyzer for the 
determination of rapidly changing CO concentrations, 
A.M.R.L. Proj. No. T-9, May 18, 1945. 

•®M. L. Vengerov, “An optical acoustic method pf gas 
analysis/* Nature (London), 158, 28 (1946); “Spectrophone,** 
Comptes Rendus 46,182-185 (1945). 


a similar method and are available.*^ A further 
exposition of the problem is adequately covered by 
Fastie and Pfund** and Williams.** 

An infra-red gas analyzer has been developed in 
this laboratory which has been found useful for a 
number of gases of physiological importance, in¬ 
cluding carbon dioxide, ether, carbon monoxide, 
acetylene, and others, and no trouble has been 
eniountered with interference including that from 
water vapor. The principle features which make this 
instrument useful are: (a) the use of crossed beams 
from a common source to keep the sample as small 
as possible and to reduce the effect of variations of 
source temperature, (b) the use of inert mica 
windows (wave-length-transmission curve, Fig. 1) 



which allow the passage of near infra-red energy 
without hygroscopic or chemical action, and (c) the 
use of a rapid, sensitive detector made possible by 
Western Electric's “SETT” element, a “thermistor” 
bolometer. The use of selective filters may prove 
useful but have not been found to be essential. 

The apparatus is shown schematically in Fig. 2, 
and as built in Fig. 3, The source (5) is a helix of 
nichrome wire heated electrically (40 watts) and 
operated at a bright red heat, and the supports and 
box are water cooled to reduce temperature effects. 
The two spherical concave front surfaced aluminized 
or evaporated gold mirrors of 10-cm focal length 
(Ml, Mf), focus slightly enlarged superimposed 
images of the source at the center of the sample or 
breathing tube (T), which, for carbon dioxide, was 
constricted at this point to give a path length of 
about 4 mm in order to operate on the straighter 
first portion of the exponential concentration-ab¬ 
sorption* curve in the physiological range (0*9 


“C. R. Barber, “Thermal and mechanical instrumentf 
shown at PhyBical Society*s Exhibition/* J. Sci. Inst. 24, 143 
(1947). 

**W. G. Fastie and A. H. Pfund, “Selective infra<^red gas 
analyzers^*’ L Opt Soc. Am. 37, 762 (1947). 

'*VanZ. Williams, *Tnfra-red instrumentation and tech¬ 
niques,'* Rev. Inst 10^ 135 (19^). 
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percent). The two beams then continue through the 
5.0-cm gas Alter cells {Fu Ft) one of which contains 
a mixture of all interfering gases in the test sample 
and the other contains all but the gas to be meas¬ 
ured. Since the path through the filter cell is so 
long, all interfering radiation is filtered out before 
reaching the detectors. The second pair of mirrors, 
also of 10-cm focal length, (Jlf/, Mt), similar to 
the first but larger in diameter, refocus a consider¬ 
ably reduced image of the source on the sensitive 
area (0.2X2.0 mm) of the detectors (DuDt), The 
size of the source and optical components are so 
chosen that this reduced image just a little more 
than covers the active area of the bolometers. The 
two adjustable opaque flags (B) following the filter 
cells are essential for balancing the radiant energy 
in the two beams or spurious deflections will result. 
The chamber containing the mirrors and bolometers 
was constructed so that an additional filter gas 
might be introduced here also. 

Considerable attention was given to a suitable 
source, and while other means such as glass, 
oligoclase, etc.** might peak more energy at a 
particular absorption band, a considerable decrease 
in sensitivity would be experienced for another 
absorption band and furthermore, the high voltage 
and auxiliary heater made these cumbersome and 
dangerous. The Nernst glower proved quite fragile 
and short lived, Nichrome wire, operat^ at bright 
red heat, has a very broad peak at about 4 microns 
which extends relatively little into the visible and 



Fig. 5. 


so is a good and convenient source.** No reason for 
replacement of tlie unit was noted after several 
hundred hours of severe operation. 

The detectors were chosen for their sensitivity 
and their relatively high speed of response. Other 
detectors, considerably less expensive may be used 
at the sacrifice of sp^. For a gas having an ab¬ 
sorption band in the near infra-red, considerably 
cheaper and faster detectors may be used (lead 
sulfide, thalofide cell). 

The recorder consists simply of an electrocardio- 

W. W. Coblcnu, Supdiementary investigations of infm- 
rSd Gamete Institution of Washington, 1908. 

**0snen»l Electric Company, Lamp Bulletin. 


graph string galvanometer, sens. 1 mv per cm, 1500 
ohm, with its associated camera, coupled to the 
high impedance bolometer bridge (each arm 3.0 
megohms) through a single coupling vacuum tube 
with its steady state plate current bucked out. 
A more rugged pen recorder has been used in 
conjunction with a breaker type amplifier at the 
sacrifice of speed, but with greatly increased sensi¬ 
tivity. An indicating meter may thus be used for 
static measurements of isolated samples. 

The calibration curve (Fig. 4) shows the effect 
obtained by decreasing the optical path through 
the breathing tube from 18 to 4 mm. The cylindrical 
tube first used, while quite simple, did not provide 
sufficiently linear response without extensive electri¬ 
cal compensation, and the short path (0.4 cm) 
flattened tube, proved quite satisfactory. 

Figure 5 is included to indicate the electrical 
response (bolometer, circuit and galvanometer) ob¬ 
tained by blocking a very small p)ortion of the 
radiation to one bolometer by means of a small 
signal magnet, thereby unbalancing the circuit to 
simulate blocked radiation. Simultaneously another 
signal magnet interrupted the beam to the camera. 
The two ms^jnets were interchanged in order to rule 
out possibility of variations in response and similar 
results were obtained. The vertical time markers are 
0.2 second apart. This shows a 90 percent electrical 
response in about 0.1 sec. and a slow rise for about 
0.4 sec. The over-all response is very nearly the 
same. The irregularity on the descending portion 
of one record was due to chattering of the signal 
magnet. 

A record of COj of the respired air during a 
normal and complete expiration of a normal person 
is shown in Fig. 6 together with the expired velocity. 
The over-all speed of response is shown on inspira¬ 
tion where the CO2 curve drops quickly to the base 
line. The inspiratory phase is designated by the flat 
portion of the velocity curve. The lag between the 
onset of expiration and rise of the CO2 curve corre¬ 
sponds very closely to the volume of air trapped in 
the portions of the respiratory tree where gaseous 
exchange does not take place, the so called ‘'dead 
space.** The continued rise during expiration has 



Fig. 6. 
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been explained by the continuous diffusion of* COj 
into the lungs from the blood. Variations in this 
pattern have been found. 

This device is believed to have a number of 
advantages over those existing* These are: (a) rela¬ 
tively low cost, (b) rapidity of response, (90 percent 
of maximum in 0.15 second over-all), (c) ease of 
recording, (d) full scale sensitivity obtained with 
fairly linear response from 0-9 percent CO*, and 
(e) insensitiveness to normal pressure and tempera¬ 
ture variations. The unit may be used with a 
number of gases mentioned and with proper align¬ 
ment and construction, simultaneous measurements 
may be made of a number of gases. 

The need and basic idea for such an analyzer was 


C, HOYT 

first brought to our attention by Professor W. O. 
Fenn, Dc^jartment of Physiology. In addition to 
acknowledged sources of information, further ma¬ 
terial help and suggestions have been made by 
Dr, B. 0*Brian, Colonel A. Gee, Dr. F. Paul, and 
Mr. W. Klittkert of the University of Rochester, 
Department of Optics; Dr. A. F. Turner and Staff 
of the Bausch and Lomb Optical Co. ; and Dr. H. 
Rahn, Dr. A. B, Otis, Dr. H, A, Blair. Dr. W. S. 
McCann, and Mr. G. Rosenworth and numerous 
others at the University of Rochester Medical 
Cenffer. The work was made possible by a fellow¬ 
ship from the John and Mary R. Markle Founda¬ 
tion and was supported in part by the Air Materiel 
Command at Wright Field. 
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The statistical distribution of fluctuations in the gain of a 1P21 photo-multiplier tube has been 
investigated and standard deviations of 36 percent to 48 percent have been found. The distribution 
in photo-multiplier output pulse heights obtained with Po alphas incident on a ZnS screen has also 
been investigated and standard deviations of 27 percent to 80 percent found. The importance of the 
contribution from the fluctuations in gain is shown to be small In this case. 


I. INTRODUCTION 

1 1' has been hoped that the phosphor-photo¬ 
multiplier counter may be useful as a propor¬ 
tional device, giving output pulses whose sizes are a 
measure of the energy lost by the incident particle in 
the phosphor. For particles of short range that are 
stopped in the phosphor the output pulse heights 
should be a measure of the energy of the particles, 
while for particles of large range that pass through 
the phosphor the pulse heights should be a measure 
of the energy they lost in the phosphor and thus of 
their specific ionization. Thus, two particles of 
differing specific ionization should be distinguishable. 

However, for particles losing the same amoUnt of 
energy in the phosphor there will be a statistical 
spread of pulse heights, and the width of this spread 
will determine the degree to which such a counter 
may be used to distinguish between particles, 
Therefore, a preliminary investigation has been 
made of the statistical distribution in pulse heights 
from a monoenergetic source of particles, and an 
attempt has been made to determine the relative 


♦ This work was carried out with the support of the Office 
of Naval Research. 

•* Now at Bryn Mawr College, Bryn Mswr, Pennsylvania. 


importance of some of the various factors that con¬ 
tribute to the spread of this distribution. 

XL STATISTICAL DISCUSSION 

The statistical spread in output pulse heights will 
be due to several causes, of which the following may 
be mentioned: (a) statistical fluctuations in the 
over-all gain (multiplication factor) of the multiplier 
tube, (b) fluctuations in the efificiency of the 
photo-cathode of the multiplier tube, (c) fluctuations 
in the number of light quanta emitt^ by the phos¬ 
phor per particle passing through it, and (d) fluctu¬ 
ations in the fraction of these quanta that are 
collected by the optical system and fall on the 
photo-surface. 

The larger the number of photoelectrons starting 
out from the first stage of the photo-multiplier tube 
the smaller will be the relative effect due to cause a 
above on the over-all spread of pulse heights. Like¬ 
wise, the lai^ the number of quanta emitted in the 
phosphor, the smaller will be the effects due to 
causes b, c, and d, as well as that due to cause a. 

The purpose of this investigation was to deter¬ 
mine the magnitudes of the contribution due to a 
and^ to the other^ three taken togetiwr and, 
addition, to determine the aversfemunber of 
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electrons necessary to make the contribution due to 
a negligibly small. 

Let .y *> multiplier gain, 7*number of photo¬ 
electrons product by an incident particle, Z = num¬ 
ber of output electrons produced by an incident 
particle. It is then obvious that 

( 1 ) 

where Z, etc. represent average values. H S. 
Snyder,* of the Brookhaven National Laboratory, 
has analyzed the statistical problem of the photo¬ 
multiplier tube, assuming no specific shape for the 
distributions, and in particular has shown that 

<z(z- i))m=(7( r- !))*,:?»+P(X(X- 1 ))*,. ( 2 ) 

Now, Z~10», and therefore Also, f ^ 1, 

therefore Z —1~Z. Thus Eq. (2) becomes 

(z’)=((y»)-F)X*-i-F(x*). (3) 

From (1) and (3) it is easy to show that 

((Z») - C1/F][((X‘) - 

+[((K*>-F*)/F'] (4) 

or 

<r,^= (l/F)<r,*-f <r,’. (5) 

Where a,’, etc., are the fractional mean square 
deviations of the distributions. 

From the experimental data to be presented, 
or,*, F, and or,* were obtained, and from these a,* was 
calculated. Thus the relative contributions of a,* 
(cause o) and (causes 6, c, and d) to the over-all 
o-,* were determined. (Snyder has also derived re¬ 
lationships from which the higher moments of the 
distribution for Y can be determined; these, how¬ 
ever, have not been experimentally determined in 
the following). 

From Eq. (5) it can be seen that the smaller is F, 
the larger is the contribution of the first term of 
Eq. (5) (cause a) to the over-all distribution. How¬ 
ever, it must be remembered that a smaller F 
means a smaller number of photoelectrons per inci¬ 
dent particle and thus a smaller number of quanta 
emitted per incident particle. The second term of 
Eq. (5) (causes b, c, and d) will be affected by the 
smaller number of quanta in the same way that the 
first term is affected by a smaller number of photo- 
electrons, although Eq. (5) does not show this ex¬ 
plicitly. Thus, as F decreases, not only will the 
contribution of the first term increase, but that of 
the second term will increase also. 

m. BXRBXIMBirrAL METHODS AND RESULTS 

While the organic phosphors have been found to 
be very efficient detectors of weakly ionizing radia¬ 
tion, tiiey apparently are not as efficient as some of 
the inorg anic phosphors for detecting heavily 

: I* MiAUs ocMBiminkattim 



Fig. 1. Integral bias and distribution curves of the photo 
multiplier output pulse height when a weak light flux is inci¬ 
dent on the photosurface. The ordinates on the left refer to the 
integral bias curve and are in counts per minute. The ordinates 
on the right refer to the histogram and are in counts per minute 
per pulse height interval. 


ionizing radiation such as alpha-particles. Thus, 
since the most convenient source of monoenergetic 
particles to use was a thin polonium alpha-source, 
activated zinc sulfide was employed as the phosphor 
throughout this investigation. 

The ZnS in the form of commercial x-ray screen 
(Patterson D) was placed directly on the envelope 
of a 1P21 photo-multiplier tube. {Note: The same 
1P21 tube, operated at 1230 volts, was used through¬ 
out, and thus the results presented below refer only 
to the one tube studied.) A hemispherical mirror 
was placed over the tube and phosphor, and the 
polonium source was inserted through a hole at the 
top of the mirror to within 1 cm of the phosphor 
screen. The whole assembly was placed in a con¬ 
tainer which was kept in a bath of liquid nitrogen. 



Fto. 2« Jnt^ral bias and distribution curves of tbe pboto- 
mults^ier output pulses when alpha-particles are incident on 
ZnS. The ordinates on the left mer to the integral bias curve 
and are in counts per minute. The ordinates on the right i^er 
to the histogram and are in counts per minute per pulse l^ight 
interval. 
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The output from the photo-multiplier tube "passed 
through a cathode follower stage into a model A-1 
amplifier.* The discriminated output from this 
amplifier was fed into a Tracerlab Autoscaler. 

The distribution in multiplier gain (the X distri¬ 
bution in the notation of the previous section) was 
obtained by taking an integral bias curve (counting 
rate against discriminator bias setting) with a weak 
light flux falling on the tube. The light flux was 
made weak enough so that the probability of ob¬ 
serving multiple primar>’^ electron pulses rather than 
pulses from single primary electrons was small. A 
second integral bias curve of dark noise pulses was 
obtained and subtracted from the first, yielding a 
resultant integral bias curve due to single photo¬ 
electrons. Such a resultant curve is shown in Fig. 1. 
From the smooth curve drawn through the experi¬ 
mental points the step distribution curve was ob¬ 
tained. The fractional mean square deviation 
obtained from the data of this curve was (r/«s0.13. 
Only one tube was tested; however, it is reasonable 
to expect that other 1P21 tubes should show stand¬ 
ard deviations of the same order of magnitude. A 
second set of data for the same 1P21 tube gave a 
distribution curve for which the value of <r** was 
0.23. Most bias curves do not approach as constant 
a value with decreasing bias as that shown in Fig. 1. 

To obtain the pulse height distribution from 
alj>ha-particles two integral bias curves were ob¬ 
tained, with and without a 1.5-miI foil of aluminum 
(sufficient to stop Po alphas) surrounding the 
polonium source. By subtracting the first bias curve 
from the second, the effects resulting from the dark 
noise output and any possible a- and /3-ray contami¬ 
nation in the source, mirror, etc., could be sub¬ 
tracted out. In this way the typical integral bias 
curve and distribution histogram for alpha-particles 
alone, shown in Fig. 2, was obtained. Analysis of 
this data gave a mean square deviation of <r « 0.084. 
(Other sets of data gave values of cr,* ranging from 
0.07 to 0.64), 

In order to apply Eq. (5), it is necessary to know 
the actual numerical value of F rather than the 
relative pulse heights, JET, as measured on the dial of 
a bias potentiometer. This was done by determining 

r-f/X=C(5.)/(G.)C]/[(5'.)/(G.)ci, 

where G is the amplifier gain setting and C is a con¬ 
stant conversion factor. In this way F was found to 
be 35 for the curve of Fig. 2.* 

»W. H. Jordan and P. R. Bell, Rev. Scl. Inst. 18, 703 (1947). 

'A number of other curves were obtained for which the value 
of Y varied up to a maximum of 92. The low value of 35 ob- 


A];q>Iication of Eq. (5) then gives 

- «r,* - (1/ F)«r.* -0.084-0.004 - 0.080, 

indicating that the contribution of to tr.* is 
practically negligible compared to that of <ry*. 

It is thus seen that in the above case where F » 35, 
the main contribution to the over-all distribution 
comes from the spread in number of photoelectrons 
starting out from the photo-cathode, rather than 
from the spread in distribution caused by the 
multiplication stages. If however, F had been 
smaller, this latter effect would have been more 
serious. However, a smaller value of F would also 
probably mean a larger value of (as indicated 
earlier). 

IV. DISCUSSION 

From Fig. 2 it can lie seen that if F>35, then two 
particles losing differing amounts of energy* in the 
phosphor can be distinguished to a fair degree of 
accuracy if both distribution curves have been ob¬ 
tained. If, however, it is desired to distinguish be¬ 
tween single particles whose distribution curves 
cannot be obtained, then from the distribution 
curve of Fig. 2 an estimate can be made of the 
probable error of any one pulse height from the 
mean. Since Fig. 2 agrees in a qualitative way with 
a Gaussian distribution (as also does Fig. 1), it is 
reasonable to assume that the probable error of any 
single measurement from the mean will be of the 
order of and thus, for Fig. 2, of the order of 
(0.084)* —29 percent. This figure then gives an idea 
of the degree to which this counter as operated could 
distinguish between individual alpha-particles of 
differing energy. 

The zinc sulfide used in this investigation was ob¬ 
tainable only in powders and screens of small grain 
size, and it is reasonable to expect that the statistical 
spread in the Y distribution (<r«) would, if anything, 
be narrowed if a large transparent phosphor were 
used. 

It is thus.seen that this device can be used to give 
an indication of the energy or specific ionization of 
the particle, but with a preciuon that is poor unless 
the number of quanta emerging from the phosphor 
is fairly large. This means that for weakly ionizing 
particles of long range, large transparent phosphor 
samples must be used, so that a large fraction of the 
light quanta emitted over the long path may be 
collecte4* 


tained for tlie data of Fig. 2 may have been due to improper 
poeitioning of the mirror resulting in poor focusing. 
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A Pulse Amplitude Analyzer for Nuclear Research Using Pretreated Pulses'*^ 
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(Received November 2, 1948) 

A pulse analyzer is an instrument used to record the number of pulses occurring in a given time 
whose amplitudes lie between certain limits. In the present equipment records are obtained from 30 
"channels** simultaneously, the upper amplitude limit for any one channel being the lower amplitude 
limit of the next* Used in conjunction with an ionization chamber and linear amplifier of suitable de¬ 
sign, the equipment gives detailed information of the frequency of occurrence of ionization pulses of 
various amplitudes. 

The present equipment is an advance over previous designs in several respects. It is designed to deal 
with relatively fast counting rates and with pulses having a wide variety of shapes and durations. In 
order to avoid having to change the circuits of each of the 30 channel units to suit the pulse shape, the 
pulses are "pretreated** to yield signals of standard form before being passed to the channels for analy¬ 
sis. Further advantages of the present equipment concern the ease of calibration and of monitoring 
the behavior of the circuits. The whole is built into a console of convenient shape and reasonable mo¬ 
bility. Interchangeable plug-in channel units are employed. 


L IWXRODUCTION 

T he use of a pulse amplitude analyzer in the 
investigation of particle energy spectra has 
been discussed by Freundlich, Hincks, and Ozeroff.^ 
In such an analyzer the pulses are divided into 
groups according to amplitude, and the number of 
pulses in all the groups are counted simultaneously. 
The equipment has a number of “channels** corre¬ 
sponding to the number of groups, each group 
comprising those pulses which are large enough to 
operate one channel but not large enough to operate 
the next. The whole of the amplitude sf)ectrum is 
therefore covered without gaps, and if, as is usually 
the case, the channel thresholds are uniformly 
spaced, the spectrum is obtained directly. In this 
way results can be obtained much more quickly 



Fig. 1. Photograph-^ront view. 

* Thii document U based on an unpublished report of the 
Naticmal Research Council of Canada. G. C. Hanna and C: H, 
Westcott, The 194$ Kieksorter, CRP-291 (September 24,1946). 
Now at Physics Department, Birmingham University, 

pMuadlidi, E. P. Hinck*, and W. J. Ozeroff, Rev. 
Sd. IlHt It, 90 (1947). 


than from bias curve measurements. Consider, for 
example, the case when there are in time / a number 
n of counts in a particular group, and a number N 
of counts of greater amplitude. Then, using the 
pulse analyzer, the statistical error of the deter¬ 
mination of n is (n)*, whereas from a bias curve, 
counting for a time t on each setting, counts of 
N+n±{N+n)^ and N±:{N)^ are obtained, so 
that the determination of n by difference is subject 
to the error {2N+n)K This is always greater, and 
may indeed be much greater, than (n)*, and a time 
21 is required for the determination. 

The instrument described by Freundlich et al,^ 
is, as they pointed out, somewhat limited in scope 
since the acceptable counting rate is rather low and 
special attention must be paid to the shape of the 
input pulses. A desire to improve the flexibility 
of such a device led to the development of the 
present instrument. In its design we have departed 
from the simple system where each “channel** re¬ 
ceives a replica of the original signal. The incoming 



Fig. 2* Photogriph—rear view. 


181 


C. H. WESTCOTT AND G C. HANNA 


182 



« 


Fiu. 3. General achematic 
diagram. 


signal is fed into a “pretreatment unit" where a 
square wave Mgnal of standard duration is manu¬ 
factured having the same amplitude as the peak of 
the incoming signal. This square wave is then 
passed to the channel units for analysis. It is now 
possible to accept a wide variety of types of input 
signal by a simple adjustment to the pretreatment 
circuit without having to make changes in all the 
channels. 

n. PHYSICAL FORM OF THE EQUIPMENT 

The pulse analyzer is built in the form of a con¬ 
sole (Fig. 1) for convenience in operation. The 
channels arc interchangeable plug-in units acces¬ 
sible by removing the three rear panels (Fig. 2). 
Each channel is so arranged that its wiring is 
accessible for monitoring purposes even when 
plugged in the rack. The channels are 3^" wide 
and are arranged in two rows of IS alternately 
above and below a 3" strip of panel on which are 
mounted, in a single row, the 30 mechanical regis¬ 
ters, each with a "magic eye” underneath, which 
are used to record the count in each channel. The 
bias adjusting potentiometers associated with each 
channel are staggered alternately above and below 
the registers to indicate whether a particular regis¬ 
ter is driven from a channel in the upper or lower 
row. The space at the rear of the lower part of the 
console, and above the kneehole, is occupied by 
filament transformers and a large power supply: 
arrangements are made to deflect the hot air rising 
from this unit away from the channels above it. 
The space on either side of the kneehole is used for 
the pretreatment and monitor units. Each of 
these has a triangular control panel which fits 
into a recess in the console table, 


m. GENERAL MODE OF OPERATION 

Figure 3 shows a schematic arrangement of the 
equipment. Neglecting for the moment the moni¬ 
toring circuits shown on the left of the diagram, we 
may follow the incoming signal from the bottom 
of the figure, through 5IF1, in its normal position 
(p(»ition 1) into two parallel chains of circuits. In 
the left-hand chain the arrival of any signal above 
a preset threshold initiates two successive square 
waves of duration "a" and "b,” respectively. In 
the right-hand chain a peak voltmeter circuit 
records the maximum amplitude reached by the 
incoming signal and stores this information until 
the end of the period "o-ffc." A pulse cutting cir¬ 
cuit forms a pulse during the period "6” only, of 
amplitude given by the peak voltmeter circuit, and 
this square pulse, after amplification, is passed to 
the channels. A smaller paraphase pulse is also fed 
to the channels for capacity neutralizing purposes. 

A biased diode controls the channel operating 
level, each successive channel being bias^ more 
heavily. Two stagea of amplification follow the 
diode discriminator. to provide a large volri^ 
swing for the next (“cancellation”) stage. The 
cancellation stage will only pass a pulse provided 
that the channel "above” has not operated; in this 
way each channel records only pulses with an ampli¬ 
tude lying between its own operating threshold 
level and that of the next channel above. The out¬ 
put from the cancellation stage drives a scale-of- 
four circuit which in turn feeds an impulsing pair 
driving a mechanical register. 

A feature of the equipment is the section devoted 
to monitoring (^rations. This consists essentially 
of a unit protdding artificial pulses of adjustable 
repetition frequency, and controllable shape and 
ampUtude, synchronized with a dma-baea do a 
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cathode-ray tube. This basic arrangement can l>e 
altered to allow the incoming pulses from the 
counting system to fire a single sweep time base. 
Another arrangement allows for accurate calibra¬ 
tion of the system. 

As shown in Fig. 3 the equipment sorts pulses 
of sizes between 1.5- and 100-volt amplitude into 
30 equi-spaced channels. If it is desired to examine 
the amplitude spectrum in more detail, a narrower 
range of pulse amplitudes may be selected. A sepa¬ 
rate unit is used in this case which cuts a fixed 
amount from the size of each pulse and amplifies 
what remains until the desired range extends over 
100 volts in amplitude. This unit, developed by 
Cranshaw and Harvey, is described elsewhere.* 

IV. THE PRETREATMEWT UOTT 

The purpose of this circuit is to convert the 
input pulses, which may have any rise time be¬ 
tween 1 ptsec. and 3 msec., into square pulses 80 
Msec, long of amplitude accurately proportional to 
the input amplitude. 

The input pulse (+100-V max.) triggers a square 
wave generator FI, 2, 3 (see Fig. 4). The duration 
“a’* of this square wave is adjustable in steps from 
0.2 to IS msec., and is made just greater than the 
time the Input pulse takes to decay to the trigger¬ 
ing threshold level. This threshold, controlled by 
the bias on the grid of F3, is normally set to 1.5 
volts. 

From the back edge of wave F4 produces 


another square wave of duration “6” (80 M^ec,). 
V6 combines these two into a single wave of dura¬ 
tion *'a+b**; there is necessarily a sharp crevasse in 
this wave but the response of F4 is fast enough to 
ensure that it does not drop below +110 v (see 
Fig. 5). Thus whenever this chain is triggered the 
discharging diode V7 is cut off for .a time *‘a+5,'* 
during which the input pulse, fed in via a buffer 
stage F8, charges the 0.002 Mf reservoir condenser 
through VSA. The isolating cathode follower F9 
imposes a negligible load on the condenser. This 
then holds the full peak-amplitude charge for the 
time **a+6/' after which it is rapidly discharged 
through F7 to a level controlled by the bias applied 
to F6 (“d.c. level V). The cathode of F9 therefore 
follows the rise of the input signal up to its peak 
amplitude and remains there until the end of the 
period **a+6.'’ 

The grid of F12 is held by the diode Fll at a 
potential set by *‘d.c. level 2,*' except during period 
**6’* when the positive square wave from F4, ap¬ 
plied through the 0.25-megohm resistance, pulls it 
up to the level of F9 cathode, further travel being 
arrested by conduction of FIO. Here then we have 
a square pulse of duration “6” and amplitude equal 
to the input (less the losses in the cathode followers 
F8, 9) plus an adjustable **zero contror* voltage 
set by d.c. level 2. It is necessary for the correct 
operation of this diode circuit that the quiescent 
level of F9 cathode, set by d.c. level 1, be more 
positive than the quiescent level of F12 grid, set 
by d.c, level 2. 


Fig. 4. Pretreatment 
"“Circuit. For FIOI, 
n02 - Vlt7 read FI, 
F2 F17. 
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»Tf S. Cranshaw and A. Harvey, Can. J. Re®earch A26, 243 (1948), 
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Fig. 5. Pretreatment- 
wave forms. 


The gain of yi2 is 2.5; consequently there ap¬ 
pears on its anode a 220-v (max.) negative going 
signal of duration "i," which is “d.c. restored” in 
VH against the 4-105-v bias line, that is, gainst 
the positive end of the resistor chain from which 
the discriminator diodes in the channels are biased. 
It is then fed out through the high power cathode- 
follower stage F15, 16 to operate the channels. 

From the cathode of F12 the positive 80-v (max.) 
wave is fed out to the channels through the cathode 
follower FI3 to act as a capacity-neutralizing para- 
phase signal. For efficient neutralizing the wave 
forms at F15, 16, and F13 cathodes, both of which 
work into highly capacitative loads, should be 
identical. This cannot be realized in practice, but 
the shapes have been made sufficiently similar by 
shunting the cathode load of FI2 with a small 
condenser and smoothing slightly the pulse applied 
to the ^id of F13. 

Subsidiary features of the circuit include a 
negative "lock” pulse for driving the monitor unit 
from the input signals (from FI anode circuit) and 
short pulses fed out through FI 7 suitable for driv¬ 
ing a scaler to check the total number of counts. 

The above applies during normal operation, when 
the monitor unit is driven from the input pulses 
(arriving at random) and provides a single-sweep 
time base for studying the operation of the equip¬ 
ment on the oscilloscope. As an alternative, how¬ 
ever, the pretreatment unit can be driven from 
the monitor unit; this arrangement is particularly 
useful for calibration and fault-finding. ArtHidal 
pulses of adjustable amplitude, shape, and repeti¬ 


tion frequency from the monitor unit can be fed 
in directly (position 2 of the input selector switch), 
and can also be used to trigger the square wave 
generator (FI, 2, 3) while a constant voltage, ob¬ 
tained from a built-in potentiometer system, is 
applied to F8 (position 3). In this case pulses are 
generated with an amplitude corresponding to the 
level of F8 grid. That is, if F8 grid is connected to 
a source of -1-50 v (say), which can be measured 
accurately with a precision voltmeter, the output 
of the pretreatment unit is the same as though 
pulses of peak amplitude 50 v were applied to F8. 
This equality is maintained provided the pulse rise 
time to maximum is less than 10 iiaec. Input pulses 
with a rise time of 2.5 itsec. will record at a level 
about 5 percent below that of a steady voltage of 
the same amplitude, but the input/output char¬ 
acteristic of the system is still linear to 1 percent. 
The equivalence of d.c. and pulse input is not, 
however, quite exact due to the imperfect cut-off 
of the diode F8 j 4. When a steady voltage is fed in, 
the reservoir condenser continues to charge up 
very slowly over the w'hole of the period “a+b." 
The net effect is a zero shift, the magnitude of 
which increases with period "o” up to about J volt 
for "a” equal to 10 msec. This behavior is discussed 
in greater detail in the r^xat CRP-291. 

Fast rising pulses are in general of short duration; 
consequently period "o” may be shortened and the 
size of the reservoir condenser reduced, since it 
need not hold its charge so long. This will increase 
the accuracy of response to fast pulses and reduce 
the difference between d.c. and pulse input. In 
fact the instrument has recently been operated 
with a 200-MAif reservoir condenser which permits 
rise times of less than 1 foec. to be used. A single 
switching wave 80 fiaec. long derived from a slightly 
modified square wave generator circuit was em¬ 
ployed, gating the peak voltmeter circuit as before 
and driving FI 2 to produce the channel operating 
pulse directly. The rise time of this pulse was of 
course the same as that of the input pulse; pro¬ 
vided this is less than about 10 itaec., the channel 
operation is not affected. 

Position 4 of the input selector switch connects 
F8 grid to the slow sawtooth wave provided by the 
monitor unit (see Section VI), and position 5 to 
the calibration unit. This unit consists of 30 100- 
ohm predsion renstances connected across a sta¬ 
bilized 100-v line monitored with a standard volt¬ 
meter. . The junctions of these resistances are, 
clearly, at potentials corresponding to the transi¬ 
tions between successive channels. A selecttn* 
switch enables these potentials to be applied in 
tiun to F8 for setting up the channels. This unit 
was found more convenient in use than the po¬ 
tentiometer and voltmeter arrangement avaQt^le 
in position 3. 
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Several power supply voltages are used in the 
pretreatment unit. The 300-v line (semi- 

stabilized—see Section VII) provides most of the 
h.t. current. Where high stability is required—for 
example for screen supplies to ensure constancy of 
valve characteristics-stabilized +250-vand -|-105-v 
lines are available. The large anode swing of F12 
necessitates the provision of a stabilized +5S0-V 
supply. The negative h.t. lines are both stabilized. 

The filaments of F15, 16 (iii and iv) are heated 
from a 12.6-v center-tapped, low capacity screened 
transformer winding, the center wire being driven 
by the cathode. This supply also feeds all the chan¬ 
nel diodes (FlOl Fig. 6). Filament supply (i) is biased 
to +90 V (in the main power supply) so that the 
cathodes of the valves it feeds may rise to +180 v 
without exceeding the insulation rating. The cath¬ 
ode insulation of the charging diode VSA is im¬ 
portant since it determines the rate of discharge 
of the reservoir condenser. Consequently this valve 
is heated from a low capacity transformer winding, 
the center-tap of which is driven by V9. V8 and 
FlO-13 are also fed from this supply (ii). The 
other valves are heated by the main 12.6-v system 
with earthed center-tap (v and vi). 

The filament supplies (i), (ii), (iii), and (iv) are 
derived from a transformer fed from a constant- 
voltage transformer. This renders the performance 
of this unit substantially independent of mains 
voltage. Drifts caused by warming up are reduced 
by the use of generously rated wire-wound re¬ 
sistances at all strategic points; the circuit is stable 
within ten minutes of switching on. 


V- THE CHANNEL UNITS 

Figure 6 shows the circuit of a channel unit. 
The cathodes of the diodes (FlOl) in all the chan¬ 
nels are connected to the output of the pretreat¬ 
ment unit (FIS, 16 Fig. 4) and the anode load re¬ 
sistances to successive points on a resistance chain. 
This bias chain consists of 30 200-ohm wire-wound 
resistances and 30 100-ohm preset potentiometers 
with suitable padding resistances at each end con¬ 
nected in series between the +10S-V and — 105-v 
bias lines. (See Fig. 3.) The preset controls, readily 
accessible from the front of the instrument, allow 
small adjustments to be made to the bias voltage 
of each channel. 

Consider the operation of the rth channel, i.e., 
the one biased to a voltage Fr by the rth poten¬ 
tiometer of the bias chain counting from the posi¬ 
tive end. If the original input pulse is insufficiently 
large to cause the cathode of FlOl to drop from its 
quiescent level of +105 v to below Fr, FlOl will 
not conduct. A paraphase signal fed through a 
small adjustable condenser neutralizes the effect of 
the diode self-capacity (for wave forms see Fig. 7). 

If the cathode of FlOl falls below Fr, FlOl con¬ 
ducts and a negative pulse appears on the grid of 
F102. F102 runs, during the quiescent period, at 
the limit of grid current; this assists in the rapid 
restoration of the original potentials after the pulse 
is over, since the coupling condenser is recharged 
by the flow of grid current rather than through the 
10-megohm leak. 

It should be mentioned here that before a channel 
conducts it imposes capacitative loads of 2 and 
5 tifif on the signal and paraphase inputs respect- 


Fio* 6. Channel-circuit. 
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ively. When the diode conducts the former load 
becomes 10 ptA per volt above threshold, and the 
latter 17.5 MMf» These conditions determine the 
design of the output cathode followers F15, 16, 
and FI 3 in the pretreatment unit. The load current 
of course returns through the bias chain. The 
center point of this is earthed and each bias point 
connected to earth through a Upif condenser. This 
arrangement ensures that the threshold voltages 
are not displaced by more than 20 millivolts (mean) 
for a total counting rate of 2000/min. 

The anode potential of F102 is set at +80 v by 
Ri, Its gain is about 160; consequently a pulse { 
volt in amplitude applied to its grid will cause its 


anode to rise to +120 v. At this point F103 starts 
to conduct, a further change of 4 v in the anode 
potential of F102 causing F103 anode to fall from 
+300 V to about +30 v. Thus pulses of less than i 
volt on F102 grid (resulting for example from im* 
perfect neutralization) will have no effect, while a 
pulse exceeding this threshold by 25 millivolts will 
give a full-size negative square wave, of 80 -mscc. 
duration, at the anode of F103. 

In the canceling stage, F104, the suppressor is 
normally held at —90 v. The control grid is near 
earth potential drawing ISO pA of grid current. At 
the end of the negative square wave on F103 anode 
a positive “pip/' obtained by differentiating with a 
5 Msec, time constant (C3 and JR3), allows a short 
pulse of anode current to pass which op)erates the 
first 8cale-of-2 circuit (F105, 106). If, however, the 
cathode potential of FlOl falls below Vr^i the next 
(r+l)th channel will operate in a similar fashion. 
The anode of F103 in channel (r+1) will drop to 
+30 v and the grid of F104 in channel r will start 
to fall, as current flows out of the SO-M^f condenser 
C3 through the resistances jR4 and 2?5. By the end 
of the 80-Msec. wave it will have fallen to about 
— 80 v, recovering over the next 30 Msec. Thus all 
current in Fi04 is cut off for a time comfortably 
greater than the duration of the positive “pip” 
on the suppressor and the scaling circuit is not 
operated. 

The scaling circuits are of conventional type 
using two scale-of-2 pairs in tandem. The state of 
each pair is shown on a “magic eye” (a double 
tuning indicator type 6AF6G) fed from the anode 
of the second valve in each pair through a one- 



Fio. 8. Monitor—circuit* 
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m^ohm resietance which effectively isolates the 
valve from the self-capacity of the wiring to the 
magic eye. 

The second scaling circuit drives a trigger circuit 
(F109 and V^llO) which provides a 50-ma current 
pulse lasting about 20 msec, to drive the me- 
dianical register. A telephone call meter (GPO 
England, Type lOOC) was chosen for this on ac¬ 
count of its small size and cheapness. Unfortun¬ 
ately these machines are not very reliable at high 
counting rates and frequent checks of maximum 
operating speed are made (using the monitor unit). 
Registers failing at less than 15 operations/second 
are replaced; tightening the return spring frequently 
provides a satisfactory cure. The maximum count¬ 
ing rate which a channel can handle is determined 
entirely by the register. A counting rate of 720/min, 
(180 register clicks/min.) will be subject to a 1 per¬ 
cent loss; if a 10 f>ercent loss is tolerable the rate 
may be increased to about 1600 counts/min. The 
register is highly inductive (about 30 77, its d.c. 
resistance being 2300 ohms). A l-^f condenser is 
therefore connected across it to limit the instan¬ 
taneous voltage surge which would otherwise break 
down the insulation. 

Several h.t. supplies are used. A stabilized + 105-v 
line is used as a screen supply. The +300-V 
line provides a fully stabilized supply for FlOl and 
F102 whose exact operating conditions are im¬ 
portant. 300-v ''B'* and "C'* are semistabilized 
supplies for the less critical circuits. Unstabilized 
lines are used for the register (FI 10 anode supply) 
and the magic eye. Such subdivision prevents feed¬ 
back and simplifies circuit design, and is in any 
case not uneconomical since the total current drain 
on each supply is large enough to justify its sepa¬ 
rate existence. 

VI. THE MONITOR UNIT 

The main purpose of this unit is to provide 
artificial signals for fault finding and calibration. 
They are generated by a self-running multivibrator 
which also drives a time base circuit for the oscillo¬ 
scope. This multivibrator can be switched so that 
it operates only on external triggering pulses, thus 
providing single-sweep operation of the oscilloscope 
for monitoring the input to the pulse analyzer 
during normal operation. The circuit diagram is 
shown in Fig. 8. 

When SWl is raised F201 and F202 run freely. 
A set of switched condensers, Cl, determines the 
repetition frequency and another set, C2, the dura¬ 
tion of the positive square pulse on F202 cathode. 
This pulse cuts off the diode F203 and the anode 
potential of F204 falls almost linearly with time, 
from +300 v set by the '^catching'* diode F211, 
towards earth at a rate determined by R2 and C3. 
C3 is ganged to C2 so that the amplitude of the time 


Tabls 1. 


Line voltage 

Current 

(ma) 

StabUity 

To feed 

+SS0 

4 

NS 

Pretreatment VI2 

-h450 

3 

NS 

Monitor V209 

-f300 

220 

S 

Channels 

+300 “Bl** 

120 

ss 

Channels I-IS 

+300 **82” 

120 

ss 

Channels 16-30 

+300 **C” 

80 

ss 

Channels 

+300 registers 

(pulses) 

— 

Channels 

+300 **X” 

120 

ss 

Pre treatment 

+250 

25 

NS 

Pre treatment 

+ 105 

330 

s 

Channels & pretreatnicnt 

+105 bias 

25 

NS 

Bias chain & pretreatment 

- 90 

8 

(NS) 

Channels 

-105 

33 

NS 

All circuits 

-210 

-9 

NS 

Monitor V209 

-300 

160 

S 

All circuits 

+400 **M** 

60 

— 

Monitor* 

+230 

115 

— 

Magic eyes* 


♦ These supplies are separately switched. 


base sweep (F204 anode) remains constant for 
different duration times. In addition, the variable 
parts of 7?1 and i?2 provide a continuous and 
separate control of the duration and speetl re¬ 
spectively of the time base. 

A positive pulse is taken from the screen of F201 
to brighten the oscilloscofMS for the duration of the 
time base and is fed to the cathode ray tube 
through F207. 

The artificial signal is obtained from this posi¬ 
tive pulse using the shaping network R4C4R5CS 
driven by a cathode follower F205. R4C4 deter¬ 
mines the rising and i?5C5 the falling times of the 
signal. Its amplitude is adjustable by 7J3. 

F208 is a simple amplifier with a gain continu¬ 
ously variable up to about 120. Its main use is the 
checking of h.t, lines for smoothness. 

F209 provides a slow sawtooth wave rising from 
a little below eartli potential to +100 v in about 
five minutes. This can be fed into the pretreatment 
unit input, which is meanwhile triggered by the 
artificial signal pulses, to check the equality of 
channel widths. Since the wave rises linearly with 
time and the pulse repetition frequency is constant, 
the count recorded in any channel will be propor¬ 
tional to its width. With SW2 closed the potential 
of F209 anode is set a few volts below earth using 
R6. As soon as SW2 is opened the fi-^f condenser 
starts to discharge through the 20-megohm re¬ 
sistance and the anode potential rises linearly, 
operating the first channel as soon as it exceeds 
earth potential. Thus a change in the setting of R6 
merely alters the time between SW2 being opened 
and the check run starting. The fi-^f condenser has 
been chosen for high insulation resistance, any 
appreciable leak affecting the linearity of the saw¬ 
tooth wave, F213 prevents excessive voltage ap¬ 
pearing across the condenser when SW2 is left 
open indefinitely. ^ 
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When the pulse analyzer is being used hormally 
the monitor unit may be switched off. Alternatively 
1^201 and y202 can be driven by an external nega¬ 
tive lock (obtained from the pre-treatment unit) 
being depressed so that F202 is normally 
biased off. The duration controls and the time base 
stage, V204t, operate as described above, giving a 
single-sweep time base of adjustable speed and 
duration locked to the input to the pre-treatment 
unit. 

The oscilloscope itself is mounted on top of the 
console. Connections to it are made using multi¬ 
core screened cable except for the vertical deflector 
plate input, which is a separate “flying” lead in the 
interests of low capacity. An external voltmeter 
may be connected to the vertical shift system if 
measurements of pulse amplitudes are required. 

vn. POWER SUPPLIES 

The power consumed by the pulse analyzer is 
approximately 2.5 kw at 115 v 60 c.p.s. The bulk 
of this power is taken straight from the mains, but 
two circuits are fed from a small mains-stabilizing 
transformer rated at 2 amps. These circuits are the 
rectifier system from which the -f-550-v supply is 
derived, and the heater transformer "J3” which 
feeds valves in the pretreatment unit (see Sec¬ 
tion IV). 

Closing the main switch energizes a large heater 
transformer "^1” which feeds the other valves in 
the instrument from its 12.6 v 50 amp. center- 
tapped secondary. It also energizes the mains sta¬ 
bilizing transformer and, consequently, transformer 
"B" A relay prevents the -|-550-v supply from 
being energized immediately: this relay remains 
open until the h.t. switch is closed. 

The h.t. power may be switched on after a 40- 
second thermal delay switch has clo^. Circuits of 
all the rectifying and stabilizing circuits are not 
given but the requirements are listed below (see 
Table I). Three types of stabilization are used: 
“5," fully stabilized using a series valve controlled 
by a d.c. amplifying stage balanced against a neon 
discharge tube; “55,” semistabilized where the cur¬ 
rent is taken from the cathode of a powpr pentode 
with grid and screen held constant; and *‘NS," neon 
stabilized, i.e., across a glow-discharge tube (in the 


case of the neon stabilized lines below the +300-V 
level, the supply resistance is taken to an already 
stabilized line). The — 90-v bias line for the chan¬ 
nels is obtained from the — 105-v line through a 
2000-ohm dropping resistance and is decoupled to 
earth with a 16-;if condenser. 

VHL SUMMARY OF nOtFORMAHCE 

The instrument will handle pulses of any shape 
provided that the rise-time is greater than 1 /tsec. 
and the total pulse duration less than about 15 
msec. These limits can, however, be extended in 
both directions by comparatively simple modifica¬ 
tions to the pretreatment unit. 

The maximum counting rate per channel is 700 
counts/minute for 1 percent loss. The total counting 
rate acceptable is, of course, merely limited by the 
input pulse length'when long pulses are being used, 
mnce the probability of two pulses overlapping 
must always be kept low if reliable analysis is re¬ 
quired. For example with o-fft^SOO itsec. a total 
speed of 1200 counts/minute will give a 1 percent 
overlap probability. For short pulses the ultimate 
limit is set by the 80 /isec. channel-operating wave, 
giving 1 percent loss at 7500 counts/minute. In 
general these limitations are not serious, since the 
amplitude analysis yields information so much 
more rapidly than do successive measurements of 
points on a bias curve, that a reduction of the count- • 
ing rate can usually be tolerated. 

The channel positions are stable to within 0.04 
volt (or 1.2 percent of 1 channel width) against 
mains volt^e changes from 105 v to 120 v. They 
are subject to long terra drift (over a period of 
weeks) of about 0.05 volt. The general reliability 
of the instrument is very good. 
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A Magnetic Ion Source 

Carl Bailey,* D. L. Drukey, and F. Oppenheimer 
Department of Physics^ University of Minnesota, Minneapolis, Minnesota 
(Received November 8, 1948) 

An ion source for particle accelerators is described. The ion source utilizes an axial magnetic field 
for collimation of ion and electron beams and provides an electric field-free region for ion formation. 

The ion source has afforded yields of 500 microamperes of resolved protons when used in conjunction 
with a 200-kv high voltage set. A feature of the ion source is the possibility of obtaining favorable 
atomic to molecular ion ratios. 


A MAGNETIC ion source yielding fairly large 
ion currents has recently been installed on 
the 200-kv ion accelerator^ at the University of 
Minnesota. Sources utilizing a similar principle 
have been described by at least two authors.* * The 
Minnesota source was patterned after one built at 
the University of California by one of us. 

The essential features, although not the con¬ 
structional details, of the present source are in¬ 
dicated in Fig. 1. The hydrogen supply, not shown, 
is from a supply tank with an electrically heated 
palladium leak. The field coil, about 400 turns of 
j-inch o.d. copper tubing cooled by kerosene flowing 
internally, supplies an axial magnetic field with its 
maximum intensity at the center of the arc chamber. 
The field is adjustable to an upper limit of about 
1800 gauss. The filament consists of one and a 
half turns of 0.060-inch tungsten wire. The space 
between filament and arc chamber is about i inch. 
The arc chamber is a non magnetic stainless steel 
cartridge with 0.050-inch molybdenum end plates 
and is so constructed that it can be removed as a 
unit from the brass shell of the source. The holes 
in the molybdenum plates at the filament and probe 
ends are, respectively, ^ inch and iV inch in di¬ 
ameter. The ^ inch is ^veiled to an angle of 60® 
on the side facing the probe in order to improve the 
focussing properties of the gap somewhat. The 
entrance hole in the non-magnetic stainless steel 
probe is i inch in diameter, and the gap between 
the probe and the molybdenum plate is f inch. 
The focus electrode is also constructed of non¬ 
magnetic stainless steel. Liners of the same material 
hold the assembly in place. The insulators for the 
probe and filament leads are special spark plug 
type seals. 

The accelerating tube consists of porcelain in¬ 
sulators very kindly supplied by R. G. Herb of the 
University of Wisconsin and steel spinnings similar 
in design to those used in the Wisconsin accelerator. 
The first few sections of the tube are indicated in 

* Now at Concordia College, Moorhead, Minnesota. 

^ H* tWIliams, W. H, Wells, J. T. Tate and E, L, Hill, 
Phya Rev. SI, 434 (1937). ^ , 

* A* Tli^ora FInkelstein, Rev. Sci. (1940). 

* Vbn Aideone, Physik. Zeit», 43,91 (1942). 


Fig. 2, There are eight sections comprising a tube 
20 inches long. 

Power for the operation of the source is supplied 
by three generators located in the high voltage 
shell and driven by insulating belts from motors at 
ground potential. The first of these, a 3-kw, 32-volt 
d.c. generator, supplies up to 100 amperes to the 
field coil and is controlled by a series resistance 
and/or field rheostat. Normal power consumption 
is about 750 watts. A 250-volt d.c. generator sup¬ 
plies voltage to accelerate the electrons from the 
filament and maintains the arc. Control consists 
of a 70-ohm series resistor to limit the arc current. 
A 110-volt a.c. generator supplies power to operate 
the filament, heat the palladium leak, and for the 
probe high voltage supply. The filament is heated 
from the secondary of a 10-volt, 1-kw transformer 
with primary controlled by a Variac and uses about 
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Fig. 2. 


60A at 2.5 v. The pall^ium leak is likewise sup¬ 
plied by a transformer and Variac. The probe high 
voltage supply is a half-wave rectifier capable of 
delivering up to 10 kv at 20 ma. The high current 
rating is necessitated by the large current to the 
probe under certain defocusing conditions. Control 
is provided by a Variac in the primary of the high 
voltage transformer. Voltage to the focus electrode 
is supplied by a resistance divider across part of 
the main high voltage supply. For the above reason, 
this divider has been designed to carry 2 ma of 
current. Voltage on the spinnings is supplied from 
a aeries of corona gaps, the first of which is adjust¬ 
able. Source body, filament, and magnet coil are 
cooled by kerosene pumped up from ground po¬ 
tential through insulating tubing. Rough measure¬ 
ments on the hydrogen flow to the source indicate 
that the gas is used at the rate of 10±5 standard 
cc per hour at maximum proton yield. At this flow, 
the pressure at the source is about 0.02 mm Hg, 
and at the ground end of the accelerating tube it is 
about 1X10“‘ mm Hg. Differential pumping is 
not employed. 

By proper manipulation of probe, focus electrode. 



Fio. 3. 


and second gap voltages, the beam can be focused 
into a spot f inch to ^ inch in diameter on a target 
seven feet from the source. A magnetic analyzer 
and a }-inch diameter diaphragm serve to resolve 
the beam according to mass. A |-inch diameter 
diaphragm located between the first diaphragm 
and the target, and at considerable negative po¬ 
tential, effectively prevents secondary electron 
emission from the insulated target cup. 

Performance curves for 160-kv accelerating volt¬ 
age are given in Figs. 3 and 4. They show that a 
'source magnetic field of 1000 gauss affords a good 
yield and that an excess of protons over molecular 
ions is obtained under usual conditions. This situa¬ 
tion is reversed, however, if the gas flow is increased 
fourfold and the source magnetic field is reduced 
to about 400 gauss, in which case proton currents 
of about 100 fiA ^nd molecular currents of 200 ftA 
are obtained. It is thus possible to obtain relatively 
heavy molecular beams also. With the filament, 
arc chamber, and probe aligned, it is found that 
optimum yields are obtained when the source mag¬ 
netic field is coaxial with the source. 

Use of a 0.080-inch diameter hole in the second 
molybdenum plate of the arc chamber resulted in 
a 20 percent increase in ion yield over that from the 
iV-inch hole. The gas flow, however, increased by a 
factor of two with resultant increase in tube pres¬ 
sure. It is felt that the increase in yield might have 
been better with differential pumping, since tube 
pressure seems to have a strong influence on yield 
at these low energies. 

Filament life with this design has proved good 
with operating lives of several hundr^ hours not 
uncommon. The arc starts readily, and when the 
tube is properly outgassed, nearly the maximum 
proton current is attained after a few minutes of 
operation. 

The functions of the source magnetic field in 
improving the yield of the source are threefold. 
The electron beam is collimated by the magnetic 
field so that most of the arc is in regions from which 
the ions might be used. For a given gas flow, the 
yield is higher because the magnetic field keeps 
the ions from diffusing to the walls of the arc 
chamber and being lost. The ratio of ion density 
to arc pressure is thus higher in the presence of the 
magnetic field. At this field the average ionic radius 
of curvature is of the order of the diameter of the 
exit hole. The formation of atomic ions appears 
to be in large part a two-step process which is thus 
greatly facilitated by the increased ratio of ions 
and electrons to un-ionized molecules. The h^lh 
ratio of protons to molecular ions obtained with 
this source and the dependance of that ratio on 
source pressure seem to bear out this point ai >dew. 
The present limitation on the available ion current 
seem to be lar^y due to the inability of the present 
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probe geometry to focus the ions leaving the plasma 
when the ion density of the plasma is increased by 
larger arc currents. At larger arc currents, the ion 
beam bombards the probe or other electrodes and 
is lost from the beam. Probe and focus electrode 
currents of several milliamperes have been ob¬ 
served under such defocused conditions so that it 
seems likely that this amount of current is really 
available for the beam. A calculation of the space 
charge limitation resulting from plane geometry 
with dimensions similar to that of the source indi¬ 
cates a current density such that from a j^-inch 
aperture only about half as much current as actually 
reaches the analyzer might be expected. It thus 
seems necessary to open the exit hole or change the 
probe design so that larger voltages or smaller 
gaps can be used without defocusing the beam too 
badly if large currents are to be obtained. 

The source in its present form does not represent 
a final design. It would be desirable to have the 
magnet coil removable over the head flanges, and 
differential pumping would be desirable and even 
necessary for a longer accelerator. It seems quite 
likely, on the basis of the present experience, that 
a permanent magnet might be substituted for the 
field coil with much saving in Ihe cooling require¬ 



ments for the source as a result of the much de¬ 
creased power consumption. 
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Journal and Tribune Company, Minnesota Mining 
and Manufacturing Company, and Northern States 
Power Company. 
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A Theory of the Solenoid Beta-Ray Spectrometer 

E. Persico 

UnivetsiU Laval^ Quebec, P. Q., Canada 
(Received November 22, 1948) 

A theory of the magnetic lens beta-ray spectrometer utilizing the uniform field of a long solenoid is 
developed. First the case of a point source is considered, and it is found that the resolving power, for a 
given solid angle, is maximum when the emission angle o (average angle between the rays leaving 
the source and the axis) is 45* 37'. Then the theory is extended to the case of a disk source, and it is 
found that for a given intensity (product of the source area by the solid angle) there is an optimum 
source diameter and an optimum emission angle, ranging in practical cases between 36* and 40*. 

The problem of optimum conditions when the quantity of copper in the solenoid and the electric 
power available are limited by economical considerations is also studied, and it is found that the 
optimum «-value is in this case about 21 ®. 

INTRODUCTION 

A mong the different types of spectrometers 
used for analyzing beta-ray spectra, the sole¬ 
noid spectrometer proposed by I^pitza in 1923^ has 
been successfully employed by other physicists,^ 
especially in cases where the radioactive material 
could not be concentrated on a very small area. This 
instrument is a particular kind of magnetic lefts 

mb. PWl. Soc. tt, pt. 3 (1924). 
oc. Camb* Phil. Soc. 22, 454 (1924); 
ev. flO, 32 (1941); K. Siegbahn, Ark. 

Uk, i N*\7 (1M2). 


»P, Kapitza, Proc. O 
Tricker, Pi 
C. M. Wtchtf. Phys. B 
for lut, A»tr. ock: Pyi. 


spectrometer, in which the focusing field is the 
uniform field produced by a long solenoid: this 
permits a rigourous calculation of the trajectories, 
and a study of the geometrical properties, which 
would be very difficult in the other types of mag¬ 
netic lens spectrometers utilizing non-uniform fields. 

A theory of the solenoid spectrometer has been 
given by Witcher,* but it is confined to the case of a 
point source and does not investigate the conditions 
giving the maximum resolving power for a given 
intensity. In this paper we start the theory for a 
point source in a manner more suitable to its exten- 
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Fig. 1. Formation of the “ring image.” The emission angle, 
a, has been chosen equal to 45° 57', optimum value for a point 
source. 

sion to the case of a source of finite area. Then we 
develop simple approximate formulas for the latter 
case, and apply them to find the optimum source 
diameter and the optimum emission angle (average 
inclination, with respect to the field, of rays leaving 
the source). 

RING IMAGE OF A POINT SOURCE 

Let us consider a point source, emitting iso¬ 
tropically electrons of momentum p, in a uniform 
field H. We shall assume cylindrical coordinates z, r, 
f (with thez axis parallel to the field, and the origin 
in the source) and put for conciseness: 

D^lpHelD, ( 1 ) 

(e being the electron charge in e.m.u.). This length 
determines roughly the linear dimensions of the 
apparatus. 

The trajectory of any electron leaving the source 
at an emission angle a with the z axis will be, as is 
well known, a cylindrical helix of pitch rD cosa and 
diameter D sina, having the z axis as a generatrix. 
The equation for r will be (also in relativistic 
mechanics) 

r=»i? sina sinf, (2) 

where 

f(z)*z/(D cosa). (3) 

The sinusoid representing r as a function of z 
(Fig. 1) will be called, conventionally, a “trajectory," 
although it represents only the motion in a meridian 
plane revolving around the z axis so as to contain 
always the instantaneous position of the electron. 
We shall consider only the first half-wave'^length of 
the sinusoid, that is, suppose as usual, that the 
electrons make less than one revolution. Let us now 
consider another electron leaving the source at an 
angle a+da: its trajectory will intersect the pre¬ 
ceding one at a point I such that 

(dr/aa)7-0. (4) 

From (2) one gets for such a point 

Cr'tanr]r--tanV (4') 

It will be useful in the following to introduce the 


function fi(a) defined by 

tan/8/(ir—i8)->tan*a, 0^0 ^r/2, (5) 

(whose diagram is given in Fig. 2). Then we have 
fz—v-j9, (6) 

*/a=(T—/9)Dco8a, (60 

and from (1) 

rj^D sina sin/S. (7) 

If the rays where limited by a diaphragm with an 
Jnfiniteiy narrow annular slit, so as to admit only 



Fig. Z. The auxiliary functions 0{a) and r(a). 

rays with a ranging in an infinitesimal interval, they 
would produce, in the plane z-'Z/, a circumference 
of radius r/, which may be called a "ring image” of 
the source (giving a generalized meaning to the 
word “image”). 

If the diaphragm slit has a finite width, the ring 
image will no longer an infinitely thin line, but 
will acquire a certain width, as a result of the differ¬ 
ence in the spherical aberration of rays with differ¬ 
ent values of a. To take this effect into account we 
consider the trajectories leaving the source at angles 
a±< and develop (2) in Taylor series, neglecting 
powers of c higher than the second and using (4): 

f-r/+(dV/da*)i*V2. (8) 

As is seen, to this order of approximation the two 
trajectories corresponding to a-f-t and a—t fall to¬ 
gether on the image plane, and so the width of the 
ring produced by all rays between a—t and a-F< is 

Af-(d*f/da*)r«V2- (9) 

Differentiating (2), taking into account (4') tnd 
introducing for simplicity the function of <x defined 
by ' 
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(whose diagram is shown in Fig. 2) one gets: 

Ar >" {D/2) (sin^/sina)r€l (11) 

RESOLVING POWER 

We define the resolving power P by 

P^P/^P. ( 12 ) 

where Ap is the increase to be given to the mo¬ 
mentum p of the electrons in order that the radius of 
the ring image be changed by an amount equal to 
its width (it will be noted that in this virtual change 
of p, a does not remain constant, its value being de¬ 
termined, for each value of p, by the radius and 
position of the diaphragm slit). This definition of 
the resolving power is somewhat more stringent 
than that usually adopted in optics, because it takes 
into account the total width of the spectral line in¬ 
stead of its half-value width. 

Now, from (1) and (4) we get 

dr I « {dr/dD)i{D/p)dp, 

so that, identifying drj with the ring width Ar and 
dp with the corresponding Ap, we have 

P « {dr/dD)iD/Ar. 


Differentiating (2) with respect to D (contained also 
in f) and remembering that Eqs. (6) and (6') apply 



to point /, we get 

{9r/dD)i «(sinj8)/8ina, 

and therefore 

Pm (D 8in/J)/(Af sina). (13) 

Putting in this formula the expression of Ar given by 
(11)* we obtain the resolving power for a point 


source and a diaphragm admitting rays of emission 
angles between oc—€ and 

P-2/(€*r). (14) 

OPTIMUM VALUE OF a FOR A POINT SOURCE 

In the case of a point source of given activity, the 
intensity of the electron current actually received on 
the detector will be proportional to the solid angle Q 
filled at the source by all rays passing through the 
diaphragm, which is 

sina, (IS) 

Now suppose we try different values of a and for 
every one adjust the slit width so as to have always 
the same intensity: how will the resolving power 
vary? To find this, we eliminate e between (14) and 
(15) and obtain for the resolving power 

P«(32x*sin3a)/(n2r). (16) 

This function is shown in Fig. 3 (broken line) for an 
arbitrary value of S2 (i.e., in an arbitrary ordinate 
scale). As is seen, it has a maximum which can be 
found by differentiation of (16) and elimination of 
tana with (5). After some reductions, one obtains 
the following equation for x —tan^: 

x/(ir—arc tanx) = (x^~2.x“—3)/(x*+3). 

Numerical solution gives x~2.104, whence /S “ 64® 35' 
and a ”45® 37' (for any value of 12), With this value 
of a, (16) gives the following relation between the 
optimum resolving power and the solid angle for a 
point source: 

Po«31.2/^2^ (17) 

The coordinates of the ring image are obtained from 
(6') and (7) and are zj «1.40823, n = 0.64SD. Figure 1 
shows the shape of this trajectory (full line) and the 
position of the image. The intensity and the re¬ 
solving power are independent of 23, that is of the 
linear dimensions of the apparatus. 

EFFECTS OF THE WIDTH OF THE SOURCE 

In most cases it is impossible to concentrate the 
radioactive substance on an area so small as to be 
considered a point source. So we shall now suppose 



Flc, 4. Origin of ‘‘distortion." 
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that the source is no longer a point but a disk of 
radius perpendicular to the field* radiating 

isotropically* and that a practical limit is imposed 
not on the total quantity of radioactive substance 
but on its surface density- Then the intensity of the 
beam received by the detector will be proportional 
to the area of the source and to the (average) solid 
angle utilized* i.e., to the quantity where 

A*=€<r^sina* (18) 

To see how the resolving power is affected by the 
finite diameter of the source, let us first of all study 
the ring image of a point A on the edge of the source, 
supposing the diaphragm slit infinitely narrow, that 
is €«0. To a first approximation (that is, ignoring 
the spherical aberration) one could consider A 
exactly like the point source of the proceeding theory 
and infer that it will give rise to a ring image 
centered on -4', orthogonal projection of A on the 
image plane (Fig. 4). The image of the whole source, 
obtained by superposition of the ring images 6f all 
its points, would be a ring of width 2 s, But an addi¬ 
tional blurring will be produced by an indirect effect 
of the spherical aberration, existing even if the slit is 
infinitely narrow (in which case there would be of 
course no direct effect of the spherical aberration). 
To see this, consider (Fig. 4) in the diaphragm plane 
Z-Z 4 , an annular narrow slit of radius r', admitting 
the rays leaving the source center 0 at angle a. For 
a peripheral point A of the source (projected in A'') 
the slit is eccentrically placed: the distance of its 
points from A'' range from r'—s to r'+s and there¬ 
fore the emission angle of the rays admitted will 
range from a —6a to a+6a, where Sa is given 
(neglecting second order terms) by 

(dr/da)Mmggf5a== s. (19) 

Owing to spherical aberration, the rays emitted in 
different meridian planes will then meet the image 
plane at different distances from A\ and the ring 
image of A will no longer be circular but will be 
flattened into an oval; we shall call this effect 
‘‘distortion,*'* The superposition of the distorted 
ring images of all points of the source will give rise to 
a circular ring of width approximately given by (11), 
where « is replaced by 6a. 

if the slit has a finite width, so as to admit rays, 
from the source center, of emission angles adb«, it 
will admit, from the source edge, rays of emission 
angles a=h(€+6a): therefore the effect of distortion 
may be approximately taken into account by re¬ 
placing € by €+6a in (11). One sees that 6a, and 
therefore the importance of distortion, depends on 
the position of the diaphragm: the nearer it is to the 
source, the greater is Sa. As far as distortion is con- 


^ * Of course this effect must not be confused with the aberra¬ 
tion of the same name in the theory of ordinary (pennt) images. 


cemed, it would seem advisable to put it as near the 
image plane as possible, but other practical reasons 
suggest locating it near the middle instead. We shall 
suppose it is put in the symmetry plane of the 
central trajectory (that is the plane where r is 
maximum). Then, from (19) and (2), one gets 

6a » 0 -/ 0080 . (20) 

Now let us consider the image of the whole source, 
obtained by the superposition of the distorted ring 
images of all its points. It will be a ring of width 

Ar « 25 + (d V/da*)/ («+6a) V 2 

«=25 + (Z?/2)(sin|3/sina)r(a)(e+6a)*. 

Putting this expression in (13) we obtain for the 
inverse resolving power in the case of a disk source 

l/P«2(r(sina/sin/3) + r(a)(€+MV2. (21) 

If we neglect distortion this formula becomes 

1/P = 2(r(sina/sin3)"l"F(a)€V2. (22) 

In the ensuing dist:ussioii we shall always begin with 
this formula and then estimate the corrections 
introduced by distortion. 

OPTIMUM SOURCE DIAMETER 

Suppose we vary the source diameter and also the 
slit width so as to get always the same intensity: 
how will the resolving jwwer vary? To determine- 
this, let us eliminate i from (18) and (22): 

l/P=»2(r(sina)/sin|3+AT/(2a’^ sin^a), (23) 

Considering 1/P as a function of <r (for constant a 
and A) one finds easily, by differentiation, that it 
has a minimum (and therefore the resolving power a 
maximum) for a given by 

(ro« sin^’^^a, (24) 

or, if we prefer to express it in terms of «, by means 
of (18), 

<ro (Fc* sinjS) /sina. (24') 

This gives the optimum value of the source radius 
for a given a and a given intensity. Putting it in 
(23), we get for the resolving power 

P« (2/S)A-»/»(r 8in*a (25) 

Note that the factor S/2 in 1/P comes from the 
addition of 2, from the first term in (23), and J, from 
the second (the expressions multiplying these fac¬ 
tors becoming equal for <r**<ra): so we can say that 
the optimum source diameter is that contributing to the 
image width four times the width due to aberraHon. 

OPTIMUM EMISSION ANGLE FOR A GIVEN RBLD 

Suppose we vary the emission angle a, 
for each value tsi it the corresiKmding optiNjiiiin 
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source diameter and the slit width giving always the 
same intensity, that is the same A. Then (25) shows 
that the resolving power will vary proportionally to 
the function 

r-i/8 (26) 

This function has a maximum: it can be found by 
logarithmic differentiation of (26) which gives, after 
some transformations, the equation 

(1 + 2 co8*a) tan*^+(2 —tan^a) tan®^ 

-9cos-*a-0, (27) 

which, together with (5), determines the values of a 
and /3 corresponding to the optimum. These are: 
a«40® 25', /5«s57® 10'. Inserting these values in (6') 
and (7) we find the coordinates of the ring image of 
the source center: s/ = 1,63/?, rj = 0.544/?. The corre¬ 
sponding resolving power (optimum for a given A 
and a given D) is 

Po“0.308A-«/®. (28) 

The source radius is given by (24); ffo = l>69A®^* 
= 0.52/Po. The latter relation can be also written 

2solD^lMAp!p, (29) 

whence the following practical rule: when the optu 
mum emission angle is adopted, the source diameter, 
expressed in terms of /?, must be equal to the desired 
Ap/p. 

Figure 5 shows the image position and the shape 
of the trajectory corresponding to the emission 
angle 40® 25' (fuM line). The large diameter of the 
ring image makes obviously impractical the use of a 
conventional front-window counter for detection, 
suggesting instead the use of a counter with lateral 
windows covering almost the whole circumference, 
as is shown in the figure,** or some other device. 

ECONOMICAL OPTIMUM 

The optimum conditions we have discussed till 
now are those for a given value of /? (and therefore 
of the field intensity H). If, in a disk-source spec¬ 
trometer, we increase /?. that is, increase all the 
linear dimensions of the apparatus in the same ratio, 
the resolving power will remain constant while the 
intensity will increase as the square of this ratio 
(owing to the increase in the source area). However 
it must not be forgotten that the background of 
spurious counts of the G-M counter increases with 
its surface: so the ratio between the intensity and 
the background will be almost independent of /), 


•• In this figure we have put the two edge* of the image sht 
in the same plane. As Stanley Frankel, Phys. Rev. 73, 804 
(1948) has suggested, it is advantageous to put the inner one a 
little nearer source and the outer one a little farther. This 
itnpnyves the “shape" of the resolution curve, but dc^s not 
its total iddth. Besides, Fraakel*s reasoning holds only 
if ths Arst Uml^ diaphwim w very near the source. 


and the advantage of a bigger apparatus will be 
chiefly that of getting the same number of counts in 
a shorter time (which is important especially with 
short-lived isotopes). 

A practical limit to the dimensions of the appa¬ 
ratus is given of course by economical considera¬ 
tions. If these, more than the signal-background 
ratio, are taken into account, the problem of the 
optimum must be put in a slightly different manner. 

Calling / the solenoid length, R its average radius, 
i the thickness of the winding, the quantity of 
copper (for a given insulator-copper section ratio) is 
approximately proportional to the quantity Q^tRl, 
and the electric power needed to produce the field 
intensity H turns out to be approximately pro¬ 
portional to IPRl/t, that is to the quantity 
w^Rl/{tD^), The space in which field uniformity is 
required is that between source and image slit, that 
is, a cylinder of radius rmax^/? sin(o£+€) and length 
z/ = (7r"“^)/? cosot. To insure uniformity in this 
space the solenoid must be given a supplementary 
length, proportional to its radius, which can be 
taken as three times the latter, if small supple¬ 
mentary windings are used to correct the field.* 
Then we can take, approximately (neglecting €) 

R^D sina, /»=/?(7r —j8) cosa + 3 D sinot, 
and therefore 

Q == tD^y (a), w=^y (a) jt , 

where 

y(a) = [(ir —/5) cosa+3 sina] sina. 

Now the problem is to find such values of /, /?, <r, 
e, a, that the whole set of four functions — 0, — w, L, 
P of these five variables is “simultaneously opti¬ 
mum,** by which we mean that for any small varia¬ 
tion of the variables one at least of the four func¬ 
tions decreases. This problem is equivalent to that 
of finding the maximum of P subject to the condi¬ 
tion that Q, w, L (instead of D, A) have constant 
values, and can be solved in the routine way. 

One finds that the optimum source radius is still 
<ro given by (24) or (24'), producing an image width 
four times that due to ^e aberration. With this 
value of <r the resolving power, as a function of a, is 



FiO. 5. of trajectory and image position for the 

optimum emission angle with a disk source of the optimum 
diameter. 


•G. Hall, unpublished. 
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Fig. 6. Resolvinjf power versus intensity in the optimum con¬ 
ditions for a given magnetic held. 

given (neglecting distortion) by 

P=^{2/S)iQw/Lyf^{r sin*a sin-W"'/V*'*- 

This function has a maximum, which by numerical 
calculation results about at a=a 25®: this is therefore 
the most economical angle when distortion is 
negligible. * 

With this value of a, formulas (6') and (7) give, 
for the coordinates of the ring image: af/*=2.39Z>, 
r 7 = 0.206D. The optimum source radius and the 
corresponding resolving power are 

(ro« 1.85A«^®. Po«0.22SA-2/^ (31) 

80 that, instead of (29), we have 

2so/D-=^0.83Ap/p. 

EFFECTS OF ^DISTORTION'* 

In the preceding calculations we have disre¬ 
garded the effect we have called “distortion*': so the 
formulas we have obtained for the disk source are 
valid only as a limiting case for very small slit 
width. We shall now take this effect into account 
and find the corrections for finite slit width. To this 
end we must start with (21) instead of (22); using 
(18) and (20), this formula gives (if we call P' the 
resolving power corrected for distortion) 

1/P' = 2flr(sina/sin)3) 

(l+<r*A-^ tana)"AT/(2<r* sin^a). (32) 


Differentiating with respect to <r and equating to 
zero we get the optimum value of cr, corrected for 
“distortion.” 

<ro'“<ro(l + ^/2-v^/2)^/S (33) 

where <ro is defined by (24), and y by 

tana. (34) 

This correction to the source radius is of no practical 
importance: with ordinary conditions it may amount 
to a few units percent. Of considerable importance 
however is the effect of distortion on the resolving 
power. If, neglecting the difference between <ro and 
<7o\ we replace <r in (32) by ao given by (24), we get 

P'-PCl + (2/5)^o+(l/S)^o»]'^^ (35) 

where “ (ro*A~^ tana. The resolving power is there¬ 
fore reduced by an^mount depending on A. Figure 3 
shows its dependence on a (supposing D fixed) for 
different values of A (expressed as multiples of 
Aw “3.26* 10“®, which is the value of A in Whitcher's 
apparatus). One sees that the optimum is shifted to 
about 36® for the whole represented range of A, and 
the maximum resolving power ranges from 20.9 for 
A*s0.5Aw to 9.43 for A*=3Aw. 

These results are better represented by Fig. 6, 
showing the corrected resolving power versus A (and 
therefore versus the intensity), assuming a fixed D 
and for each A the optimum a and e. Point W 
represents A and P for Witcher's spectrometer 
(a»18®): one can see that there is the theoretical 
possibility of doubling the resolving power while 
keeping the same intensity, or of quadrupling the 
intensity for the same resolving power. 

If the corrections for “distortion” are applied to 
the determination of the most economical condi¬ 
tions, one finds similar results. For instance, for 
A « Aw the most economical angle is shifted to about 
21®, the corresponding resolving power is Po' —12.7. 

The author is glad to express his sincere apprecia¬ 
tion for the valuable help given him by Professor G. 
Hall, who proposed this problem, made part of the 
calculations and contributed many useful discus¬ 
sions. Thanks are also due to Professor L. Kerwin 
for revising the manuscript. 
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A timing circuit w deacribed similar in principle to the Neddermeyer “chronotron/* but with the 
following simplifications and modifications: parallel-wire polythene-tape line to eliminate co-ax 
^'plumbing/' germanium crystal detectors, and a delay-line presentation circuit. This circuit uses a 
single common amplifier for all pulses, which increases stability, makes adjustment easy, and effects 
a tenfold saving in the number of tubes. It simultaneously records time intervals in two ranges, 
e.g., 0-0.1 and 0-5 ^sec. The precision is IX10“* sec., but may be increased at the expense of the 
range. Problems connected with coupling the instrument to parallel-plate counters are discussed. 


L INTRODUCTION 

T he timing circuit to be described below was 
developed in conjunction with the parallel- 
plate counters discussed in the preceding paper. An 
instrument having a precision of the order of 10^ 
sec. is required if the full potentialities of the new 
counters for the measurement of ultra-short time 
intervals are to be realized. 

Now the pulse from a parallel-plate counter is 
easily adequate for direct deflection of the plates of 
a cathode-ray tube, but the problems of providing 
a precision time base and of recording the measure¬ 
ments photographically are formidable ones. A very 
elegant timing circuit, the chronotron, has been 
described by Neddermeyer and co-workers;^ this 
instrument uses as a “time base** the precisely 
known motion of electromagnetic pulses on trans¬ 
mission lines and permits easy photographic record¬ 
ing. In the form developed by these authors, how¬ 
ever, it is quite cumbersome, with over 100 tubes, 
and rather difficult to adjust and maintain. Both 
these difficulties have been overcome in the present 
design, and it is believed that the performance has 
been improved in some respects. 

The basic principle of the chronotron is as follows. 
Two pulses whose time difference we wish to deter¬ 
mine are applied, one to each end of a transmission 
line. They travel towards each other, and their 
point of intersection is ascertained by a suitable 
array of detectors distributed along the line. If the 
pulses are applied simultaneously to the ends of 
the line, they will evidently meet in the middle, 
while if one pulse is delay^ with respect to the 
other, the meeting point will be shifted towards the 
side of the later pulse. The time interval between 
the two pulses is given by 2x/c, where x is the 
distance from the center of the line to the point of 
intersection and c is the velocity of propagation 
ctf the pulses on the line. 


In order that the detector array may indicate the 
point of intersection, a detector must respond 
differently to two pulses which traverse it simul¬ 
taneously and two pulses which pass at different 
times. If the detector responds like a peak volt¬ 
meter, for example, then the pulses produce twice 
the output from the detector located - at their 
meeting point than they produce from detectors 
some distance away from this point. 

A plot of the detector outputs against the de¬ 
tector positions along the line is called a superposi¬ 
tion locuSf and the position of the peak of this 
curve gives, of course, the meeting point of the 
pulses. 

If the number of detectors is limited, the detector 
spacing determines both the range of the instrument 
and its precision; close spacing gives a high pre¬ 
cision but a limited range of measurable intervals. 
The pulse width must, of course, be chosen some¬ 
what greater than the detector spacing for any 
particular setup. 
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Fig. 1. Chronotron timing circuit. The array of detectors D 
determines the point of intersection of the pulses from the 
counters along the UVF line. Video pulses from the detectors 
are ‘‘sorted out” by the delay lines so that they appear in 
order on the synchroscope screen. 
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A block diagram of the present instrument is 
shown in Fig. 1. The detectors produce video 
pulses proportional in amplitude to the detector 
outputs, but which are very much broader than the 
original pulses on the line and are not used as direct 
carriers of time information to the synchroscope*"^ 
These pulses are sorted out by a series of delay 
lines, each slightly longer than the next, and present 
upon the trace of a synchroscope the superposition 
locus corresponding to the event being recorded. 

To facilitate the discussion of the instrument, it 
is convenient to introduce the term “ultra video¬ 
frequency” (UVF) to describe wide-band circuits 
for the range of approximately 50 to 1000 mc/sec. 
and pulses of the order of 5X10“*® sec. in duration. 
Some such terminology is necessary to distinguish 
between the pulses produced by the detectors, which 
are in the usual video range, and the actual UVF 
pulses on the timing line. 

Before proceeding to a detailed discussion, it 
might be- well to mention a possible generalization 
of the instrument to the study of arbitrary fast 
wave forms. If a gate pulse which is short compared 
to the wave form of interest, but higher than the 
peak of that wave form, is sent down the timing 
line in one direction and the wave form of interest 
sent in the opposite direction, the superposition 
locus will trace out the wave form of interest. 
(The detectors may be biased to respond only to 
voltages greater than the gate pulse.) 

Finally, it should be pointed out that the presen¬ 
tation system describe in Part V offers pos&i- 
bilities for recording any multiple set of data which 
may be translated into video pulses. 

n. THE UVF LINE 


to the line should be small, to minimize the energy 
which flows in the spark; hence the characteristic 
impedance of the line should be large to preserve a 
suitable coupling RC time constant; (b) the detector 
impedance being more or less fixed by crystal 
characteristics and stray capacitances, the charac¬ 
teristic imi:>edance of the line should be small for 
low loading of the line by the detectors. 

A 300-ohm parallel-wire line was therefore 
adopted. The section along which the detectors are 
mounted is an air dielectric line, made of No. 14 
Copper wire spaced 3/8" center to center. Con¬ 
nections are made with the flexible polythene tape, 
as are also fixed delay sections which may be intro¬ 
duced to shift the detector section about with 
respect to the midpoint. In this connection it 
should be noted that, although the velocity of light 
on the polythene taj^e line is slower by about ten 
percent than in air, the velocity is independent of 
frequency, and hence the line is non-dispersive, 
provided only that the dielectric constant of the 
polythene is inde{)endent of frequency over the 
UVF band. 

Even if this condition is not strictly true, the 
velocity is very insensitive to changes in the di¬ 
electric constant since so little of the space about 
the line is filled with dielectric, and because the 
square root of the dielectric constant enters the 
equiition. 

Finally, it may be remarked that no difficulty has 
been encountered with reflections on the line from 
supjx>rt8 and from soldered joints between sections 
of line. Coupling between adjacent sections of line 
has likewise not been troublesome; a spacing of a 
few inches has been easily adequate. 


The use of an open parallel-wire line is very 
tempting indeed from the standpoint of ease of 
construction and manipulation, especially now that 
there is on the market a flexible parallel-wire line 
embedded in [)olythene tape.*** The radiation from 
the line has not proved serious; the chief difficulty 
has been found to be with the unbalanced currents, 
A characteristic impedance of 300 ohms is a 
reasonable compromise between the following two 
desiderata: (a) the capacitors coupling thh counter 
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Fig. 2. Coupling network. The step-function wave form 
from the parallel-pIate counter is differentiated to form an 
ultra-short pulse on the UVF line of the chronotron. 


We shall point out later how they may tdso be so used for 
themeasurement of time intervals in the 0.3- to 5-i<sec. range. 

, Amphenol “Twin Lead" designed for television and f-ra 
lead-ins. 


in. COUNTER-TO-LINE COUPLING 

The present instrument is designed to work with 
the parallel-plate counters described in the pre¬ 
ceding paper. The counters are coupled to the UVF 
line through small capacitors (10 to 15 mmO ior two 
reasons: (a) the effective capacitance in shunt with 
a counter must be kept low to minimize the charge, 
and hence the total energy, which flows through the 
counter per discharge; (b) the step-function wave 
form of the counter proper must be converted to a 
short pulse. Since the line looks like a pure resistance 
if it is either matched or long compared to the 
pulse length,**** we have here the usual differenti¬ 
ating circuit which will give us just the wave form 
desired, if the time constant is properly chosen. 

The coupling network is shown in Fig. 2. The 
exponential taper sectionf converts the 300-ohm 


may, of course, be reflected pulses in the case of 
ated line, but the pulse which starts down the line 
me as in the terminated Case. 


' 1 nere nia> 
the unterminat,, 
is still the same 

(McGfBw.HiIl Book Compaay, Inc., N«w Yoric, i96. 
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line to a 600-ohm impedance; it was made by 
splitting the last 30 cm of the polythene tape line 
and supporting the wires on appropriate Lucite 
spacers* 

The coupling network also matches the counter 
impedance to the line* so that pulses travelling back 
along the line towards the counter are absorbed. 
The elimination of unwanted reflected pulses in the 
timing circuit is, of course, essential. The coupling 
network shown here was tested for reflections by 
connecting the counter and coupling network di¬ 
rectly to the end of the timing line. A pulse from 
another counter was then sent down the line 
towards the network to be tested, and the super- 
jx)sition locus of the incident pulse plus its re¬ 
flections, if any, was observed. It was found that 
the reflected pulse was less than 1/10 the amplitude 
of the incident pulse and of the opposite polarity. 
It was also found that the resistors Ri could be left 
out without seriously impairing the line-to-counter 
match. They may be given any value up to a few 
hundred ohms if a longer RC constant is desired. 

So far, the performance of ordinary midget re¬ 
sistors in the UVF band has been consistent with 
the assumption that they look like approximately 
their nominal resistance in parallel with 0,5 MMf. 

IV. DETECTORS 

Figure 3 shows the circuit diagram of a detector, 
together with the video pulse-forming network. 
A small fraction of the voltage pulse appearing on 
the UVF line at the location shown is impressed 
across the crystal and G by means of the voltage 
divider R%Ri. If the pulse is positive, the capacitor 
C% then charges up to the peak voltage across Ri — 
provided that the time constant involved is less 
than the duration of the UVF pulse. In the case 
of a negative pulse, the backwards resistance of the 
crystal is so great (150,000 ohms for the 1N34) 
that negligible current flows. 

The charge on Ca now flows off, relatively slowly, 
through L and jR»; since these elements, together 
with Ca, form a resonant circuit which is approxi¬ 
mately critically damped, the wave form appearing 
at the grid of the 6AK5 cathode follower is a sort of 
half-mnusoid with an exponential t^il. The output 
of the detector is thus a video pulse of width about 
0.3 Msec, whose amplitude is proportional to the 
peak voltage which appeared on Ca. These pulses 
are then fed into the presentation circuit, which 
will be discussed in the next section. 

To avoid confusion, note that the sole function 
of these video pulses is to carry to the synchroscope 
one particular set of data—the peak voltages at the 
several detectors. They do not directly carry time 
iltfonnation to the trace of the cathode-ray tube. 

The detector cannot be coupled directly to the 


DETECTOR PULSE-FORMING 



Fig. 3. Detector and pulse-forming circuit. The output is a 
pulse whose amplitude is proportional to the charge placed on 
Ct by the detector. 

300-ohm UVF line, since the impedance of the 
crystal is too low and the line loading too great. At 
the same time, the charging time constant of Ca 
must be kept low. A voltage divider of some sort is 
therefore required. The resistive coupling which was 
adopted has the advantage that the dispersion of 
the pulse produced by the presence of the detectors 
is to the first approximation zero. 

The loading effects of detectors on the line have 
been calculated, and we may summarize the results 
as follows. With the resistive detector shown in 
Fig. 3, the attenuation is 0.30 db per detector over 
the central portion of the UVF band and the fre¬ 
quency at which the attenuation caused by stray 
shunt capacitance in the midget resistors is equal 
to the attenuation produced by the pure resistance 
alone is about 1500 mc/sec. Since it is voltage and 
not power which is our primary concern, it is thus 
possible to use about 20 detectors for a maximum 
voltage ratio from one end of the detector line to 
the other of tw^o-to-one. 

It IS not essential that a detector o]:)erate strictly 
as a peak voltmeter, but only that it should dis¬ 
criminate between two pulses arriving at different 
times and two pulses arriving simultaneously. If the 
crystal is operated along a portion of its charac¬ 
teristic which follows approximately a square law, 
such discrimination is provided. However, the 
crystal characteristics are not exactly identical, 
and may change with use; these disadvantages are 
minimized if the charging time constant is made so 
small that the detector behaves as a peak voltmeter. 
In practice, a value of 300 ohms for i ?4 has been 
found to give a satisfactory compromise between 
the demands of a short charging time and a large 
output voltage, even though this resistance, plus 
the estimated 100-ohm forward resistance of the 
crystal, gives a time constant of 8X10"** sec. It is 
to be noted that C* may not be reduced, in order to 
reduce this time-constant, below 10 nfd or so, 
because the charge stored on it would then leak off 
through the backward resistance of the crystal 
rather than through the pulse-forming network. 
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V. PRESENTATION CIRCUIT 

By “presentation circuit” we shall mean the 
circuit which takes the information contained in 
the series of charges stored on the detector con¬ 
densers and transforms them into laboratory data— 
for example, pulses on a synchroscope screen. There 
are, no doubt, many ways to do this; the present 
system is quite simple and, in addition, has the 
major advantage that all the pulses pass through 
the same amplifier. The shape of the superposition 
locus therefore depends only on passive, relatively 
stable circuit elements and cathode followers. 

As already mentioned in the preceding section, 
the charge stored ort a particular detector con¬ 
denser (Cs in Fig. 3) flows off through L and i?6, 
forming a rounded pulse roughly 0.3 Msec, wide at 
the grid of the 6AK5 cathode follower. The pulses 
from the pulse-forming circuits are next passed 
through delay lines (<t> in Figs. 1 and 4) whose 
function is to sort them out so that they appear 
in order upon the trace of the synchroscope. These 
delay lines are of the continuously loaded coaxial¬ 
line type,ft with a characteristic impedance of 1000 
ohms and a delay of 0.6 Msec./foot. 

Since the attenuation of this delay line is about 
2.5 db per Msec., the shortest pulse which may be 
passed without serious dispersion should be used if 
many pulses are to be sorted out by this method. 
The 0.3-Msec. pulses used suffer but very little dis¬ 
persion in traversing a 5-Msec. delay line. The 
attenuation introduced by the longer lines is com¬ 
pensated by a potentiometer in the output of each 
line. This system is now functioning satisfactorily 
with ten detectors, using 0.3-M8ec. pulses spaced 
0.5 Msec, center to center. 

The unidirectional mixer circuit (Fig. 4) is of 
considerable importance. It functions as follows: 
consider a pulse coming from one of the delay lines, 



Fig. 4. Presentation circuit. The time delays of the video 
delay lines ^ differ by 0.5 Msec, increments, so that signals 
applied almost simultaneously from the detectors appear in 
sequence on the synchroscope trace. 

ttNow manufactured by James MiUen Manufacturing 
Company, Malden, Massachusetts. 


Table L Chronotron tests. Polarities of pulses are reckoned 
with respect to detectors on line. In (a), (b), and (c), two 
simultaneous pulses are produced by dividing the signal from 
a single counter at a junction. 


Teit 

Connection to 
UVF Unc at A 

Connection to 
VVF line at B 

Superposition locus 

(a) 

Pos. pulse 

Pos. pulse 

Max. at center 

(b) 

Pos. pulse 

Neg. pulse 

Null at center 

(c) 

Neg. pulse 

Pos. pulse 

Null at center 

(d) 

Pos. pulse 

Terminated in Zo 

No max. or min. 

(e) 

Neg. pulse 

Terminated in Zo 

Locus everywhere zero 

(f) 

Pos. pulse 

Open end 

Max. at B 

(K) 

Neg. pulse 

Open end 

Locus zero 

4) 

Pos, pulse 

Snorted end 

Dipat B 

(i) 

Neg. pulse 

Shorted end 

Dip at B 

(j) 

Pos. pulse 

15 additional It. 
of line, shorted 
at the end 

Flat (as (d)) 


and further, suppose that the amplitude of this 
pulse is larger than any of the voltages at the other 
potentiometer outputs at this instant. Only the 
crystal at the output of the line we are considering 
will conduct, provided that the response of the 
cathode-follower grid circuit is fast enough. The 
pulse emerging from this line therefore sees an 
impedance which is approximately the 1000-ohm 
resistance of the output trimmer potentiometer; 
this match is adequate to prevent troubles from 
reflected pulses. Furthermore, the voltage at the 
cathode-follower grid is the voltage of the pulse of 
interest only; the voltages at the other outputs pro¬ 
duce no flow of current in the grid resistor since the 
other crystals are nonconducting. The delay line 
whose output voltage is, at any given instant, the 
highest thus dominates the others. 

This has a twofold effect; first, the “tails” of 
neighboring pulses do not contribute underneath 
the dominating pulse, making possible the small 
pulse separation cited above; second, the video lines 
can all be connected to the cathode-follower grid 
without the large voltage losses which a linear 
matching network would entail. 

The output of the final cathode follower is fed 
directly to the 70-ohm input of a synchroscopeftt 
whose amplifier has a gain of several thousand and 
a rise time of 0,1 Msec. The 3BP1 cathode-ray tube 
of this synchroscope was replaced by a 3FP7 tube, 
with 5000 volts on the post-deflection accelerator 
electrode. The superposition loci were recorded 
photographically. With the /:4.S lens which was 
available, it was necessary to reduce the lO-pulse 
picture, to about 2X5 mm on the film to obtain 
sufficient intensity; the present photographic image, 
viewed through a small magnifier, was large enough 
to determine with ease which pulse of the super*^ 
position locus was highest* It was not dense enough, 
however, to make reproduction possible here, 

ttt U, S. Navy type aidfloMsope. 
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VL PBRPORMANCE 

The instrument was set up for tests as follows. 
One end {A in Fig. 1) of the UVF line was con¬ 
nected to a parallel-plate counter, while the other 
end (B) was terminated in a 300-ohm resistor. The 
synchroscope sweep was triggered by the counter 
pulses. The detector outputs were then roughly 
equalized by means of the potentiometer^ at the 
delay-line outputs. The final adjustment was made 
by alternately reversing the direction of travel of 
the pulse on the line, and leveling the video pulses 
on the synchroscope screen as well as possible con¬ 
sidering the attenuation the UVF pulse suffers in 
traveling past the detectors. For these tests, the 
pulses were about 5 feet long, and the detector 
spacings 2 feet. 

The qualitative tests described in Table 1 were 
then made. These tests confirm in every case the 
behavior of the superposition locus to be expected 
for pulses about SX10“* sec. in duration. 

In accord with the predictions of electromagnetic 
theory, there is for the electric vector a reflection 
with polarity inversion at a shorted line, a reflection 
without inversion at an open ended line, and no 
reflection at a line terminated in its characteristic 
impedance. Maxima and minima appear in the 
superposition locus only where two pulses, or a 
pulse and its reflection, meet. 

In addition, a quantitative test was made by 
using the arrangement in (a). Table 1, but inserting 
several different lengths of Twin-Lead in either 
side. The displacement of the superposition locus as 
a function of the length of lead added to one side 
^is shown in Fig. S. (At the time the test was made 
there were five detectors spaced two feet apart.) 
The velocity of pro(>agation of the Twin-Lead as 
measured by the slope of this graph is 0.90c, while 
from measurements of the resonant frequency of a 
length of Twin-Lead it is 0.87c. 

These checks, together with the general con¬ 
sistency of the results of the preceding piaper on 
the counter reaction times, provide a very satis¬ 
factory verification of the chronotron performance. 
As regards stability, it has not been found necessary 
to change the trimmer settings over a period of a 
couple weeks. In any case, it is a very simple 
matter to take an occasional calibration picture as a 
routine check while taking data. 

The over-all precision of the instrument is evi¬ 
dently a function of the detector spacing; precise 
measurements call for close spacing, with the width 
of the UVF pulses being measured made corre¬ 
spondingly short. For some applications it will be 
necessary to sacrifice some precision to obtaip a 
wide range of measurable intervals. The possible 



Fig. 5. Teat of chronotron. Fixed delay sections of polythene 
tape line were inserted in one side of the timing line and the 
shift in the locus position observed. There was a fixed 10-foot 
delay line in the other side of the loop. 

A pulse from a single counter was divid^ at a 3-way junc¬ 
tion to supply a precisely simultaneous pair of pulses. 

number of detectors will be limited by the detector 
loading, and it may be necessary to go to special 
platinized glass resistorp to get away from the 
shunt capacitance of the midget resistors now used. 
The precision of the present instrument, with de¬ 
tectors spaced two feet apart, is about 1X10”® sec.; 
its range (with 10 detectors) is 40X10“® sec. Better 
photographic and oscilloscopic equipment should 
make it possible to improve the precision for the 
same range, or to get a range of, say, 0.1 
with a precision qf 1X10“® sec. Work is continuing 
along these lines in connection with meson decay 
exp>eriments. 

Vn. TIME MEASUREMENTS IN THE 
MICROSECOND RANGE 

It is interesting to inquire as to the appearance of 
the synchroscope picture if two pulses appear on 
the line separated by a time interval of the order of 
several psec., rather than an interval short com¬ 
pared with the video pulses formed by the detectors. 
Evidently the pattern to be expected will consist of 
two flat superposition loci, the one displaced several 
/isec. with respect to the other, and this shift can 
thus be used to measure such an interval, without 
any changes in the instrument or its adjustment. No 
experimental verification of this effect has yet been 
carried out, but there appears to be no reason why 
the chronotron cannot be simultaneously used as a 
dual-range instrument in this manner. This rather 
fortuitous circumstance is expected to aid greatly 
in the study of meson decay, which is now being 
undertaken and where this instrument and parallel- 
plate counters are used. 
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The counter characteristics of a discharge tube using plane*parallel electrodes have been investi¬ 
gated, particularly with regard to the short time lags inherent in the streamer type of spark which 
occur with such a geometr>^ at near-atmospheric pressure. Construction details for parallel-plate 
counters with good counter characteristics are given. Spurious counts were minimized by an argon- 
xylene hlling mixture and the use of a univibrator quench circuit, The uncertainty in the reaction 
time of the counters is ±5X10** sec. 


L INTRODUCTION 

T here has been considerable interest lately in 
the measurement of very short time intervals 
between ionizing events. This problem arises, for 
example, in studying the various mesotron decay 
phenomena and the gamma-decay of metastable 
states of nuclei. Until now, time measurements have 
been limited by the variable lags of the conventional 
Geiger-Mtiller tube, which introduces an uncertainty 
of about O.r/isec.^*^ 

It has been known for some time, thanks to the 
work of White,* Wilson,* and Newman,* that the 
time lag of breakdown of overvolted plane-parallel 
spark gaps is exceedingly short, and indeed Wilson 
found at 100 ijercent overvoltage lags of the order of 
a few times lO""® sec., with no apparent lower limit 
as the overvoltage was increased. The short lags of 
the streamer-type spark are due primarily to the 
important role played by photo-ionization,* but 
even apart from the spark lag studies one would ex¬ 
pect from elementary considerations a shorter lag 
with the plane-parallel geometry—where the field 
strength is everywhere sufficient to propagate a 
Townsend electron avalanche—than with the cylin¬ 
drical shape, where the initiating electrons must 
first drift into the strong field near the wire. 

Here, then, was a prospective fast mechanism. 
Could a parallel-plate spark gap be made to trigger 
if and only if an external agent produced an electron 
within the active volume? In the answer to this 
question, it was realized, lay the key to the problem. 
A preliminary investigation of the origins of ions 
within the active volume was undertaken, and it 
turns out that one has to deal with after-effects of 
previous discharges similar, if not identical, to the 
spurious counts observed in conventional cylindrical 


* Now at Princeton University, Princeton, New Jersey. This 
paper is baaed on pan of the work done for the doctoral thesia 
at the California Institute. 
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counters. These after-effects are very poorly under¬ 
stood, but it has been possible, nevertheless, to 
minimize them to the point where the spurious 
counting rate is but a small fraction of the true 
counting rate, for a considerable range of overvolt¬ 
ages, and thus produce a workable parallel-plate 
counter. Although the feasibility of using the fast 
streamer spark mechanism as a counter has been 
demonstrated, many questions have yet to be 
answered. It seems worth while, however, to report 
the work which has been accomplished so far. 

Parenthetically, it should be noted that the 
parallel-plate counters are “fast"’ only in the sense 
of a very short reaction time. They are not capable 
of high counting rates because of the large quench 
time (0.01 to 0.05 sec.) which has so far been neces¬ 
sary, although there is some hope of improvement 
along these lines. 

A timing circuit which permits the measurement 
of time intervals commensurate with the fast reac¬ 
tion time of the parallel-plate counters is described 
in a companion paper which follows this one, 

n. DESCRIPTION OF PARALLEL-PLATE COUNTERS 

A. Counter Characteristics 

In this section we discuss the characteristics of 
parallel-plate counters other than the reaction time, 
which is reserved for Part V. 

An external electronic quench circuit (see Part IV) 
is necessary with a parallel-plate counter for two 
reasons. First, unlike the cylindrical G-M tube, the 
space-charge geometry is not such that the dis¬ 
charge is self-quenching. Secrond, the intensity of 
after-effect or spurious activity is such that a 
“cooling off“ period has been found necessary. Evi¬ 
dently this “cooling off“ time or quench time, Tq, is 
a parameter which must be specified when dis¬ 
cussing a counter operated with such a circuit; in 
what follows, it has the value 0.05 sec^ unless 
otherwise stated. 

The first experimental counter consisted of mo¬ 
lybdenum disks spaced 3,0 mm and 3.1 cm* in area. 
The counters to be discussed in this pap^ are 
rectangular sheets of copper or copper-plat^ sted 
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spaced 2,5 mm and 35 cm® in area; the early counter 
and the present counters differ significantly only in 
the higher background rate of the larger counters 
(approximately a factor of 11 as would be expected 
from the areas). The filling used in the present 
counters is 6 mm of xylene plus argon to give a total 
pressure of J atmos. 

A typical plateau for such a counter is shown in 
Fig, 1, With careful preparation, this plateau was 
consistently reproducible. 

If we assume that only one electron is required to 
initiate a discharge, the calculated efficiency of the 
counter filled with the above argon-xylene mixture 
for a singly charged fast particle passing normal to 
the plates is about 98 i)ercent. The validity of the 
above assumption depends on the distance of the 
single electron from the anode and on the over¬ 
voltage, according to the streamer theory of Loeb 
and Meek, and the efficiency is therefore expected to 
increase with overvoltage. 

A rough experimental check on the efficiency may 
be made by comparing the coincidence rates ob¬ 
tained in the course of the uncertainty time meas¬ 
urements (see Fig. 7) with the rates calculated from 
the known cosmic-ray intensity in the basement of 
the laboratory. The rates agree within the rather 
large uncertainties of the method (say ±25 percent) 
but, since the coincidence rate is ver>^ sensitive to 
counter inefficiency, the efficiency must be of the 
order of 90 percent for overvoltages of 500 or more. 

Although the coincidence rate increases with 
overvoltage, a part of this increase probably results 
from edge effects. No very definite conclusions may 
be inferred until further experiments have been 
made. 

In a recent note, Madansky and Pidd^ report 
efficiencies of 10 percent for parallel-plate counters. 
The overvoltages they used, however, were con¬ 
siderably lower than 500, and this explains the 
discrepancy. 

The counters tested to date have exhibited a 
useful lifetime of one or two months of background- 
rate counting, at overvoltages of 500 to 1000 and a 
quench time of 0.05 sec. The usefulness of the 
counter ends invariably with the occurrence of 
*‘spot bursts,'’ localized bursts of spurious counts 
from one or two points on the cathode. Most 
counters may then be washed, re-baked and re-filled 
to produce a counter good for another month or two. 

The quench time has been held at 0.05 second 
largely because the longer quench time is thought to 
prolong the lifetime. Most counters may be run at 
quench times of a millisecond or less for short 
periods with no apparent harm, but at present little 
is known about the effect of quench time, over¬ 


® L, Mudansky and R. W. Pidd, Phys. Rev. 73,1215 (1948); 
ako a diicusiion with these authors. 


voltage, external circuit capacitance, and counting 
rate on the useful lifetime. 

Finally, two more characteristics of parallel-plate 
counters should be mentioned. First, the discharge 
is localized in a fine, plainly visible streamer channel 
presumably in the neighborhood of the initiating 
ion. This has obvious possibilities as a means of de¬ 
termining the path of a particle, and it also makes 
the study of the spurious count phenomena con¬ 
siderably easier. Second, the amplitude of the pulse 
from a parallel-plate counter is several hundred 
volts; unlike the cylindrical counter, which is a 
constant-charge device, the voltage swing is sub¬ 
stantially indei.)endent of the external circuit capaci¬ 
tance. The latter should be kept small, however, to 
minimize the energy which flows in the spark and 
hence the intensity of after-affects. The voltage 
swing is large even just above the counting thresh¬ 
old, because the streamer jxirsists until the voltage 
has fallen well below this value. 

B. Construction 

A counter construction which has been used for 
experimental work is illustrated in Fig. 2. The 
ground joint makes it possible to take the tube apart 
without glass blowing. This joint is sealed with 
beeswax and rosin. It is located about 4" below the 
electrode structure so that the important parts of 
the tube may be outgassed and the electrodes baked 
at 500 degrees C, while the ground joint, which pro¬ 
jects from the oven, is maintained at room tempera¬ 
ture with the aid of a blower. 

Two profiles have been used, the one a rounded 
45-degree bevel, the other flat with edges rounded 
by emery paper. These are illustrated in Fig. 2. No 
significant difference in performance between the 
two has been noted, but the beveled-edge construc¬ 
tion with copper-plated steel as the material is far 
better mechanically and can be made flat to within 
perhaps 2 mils if bent around a form in a brake. The 
precision with which the plates must be held parallel 
de|)ends on the precision desired for time measure¬ 
ments. We shall discuss this in Part V. 

The electrodes have in all cases been polished with 
successively finer grades of emery cloth, ending up 
with crocus cloth. Just before final assembly they 



Fig. 1 . Typical plateau (or a counter filled with argon and 
xylene. Quench time: 0.05 sec. 
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are thoroughly swabbed with xylene, and after the 
tube has been assembled, rinsed with xylene, alco¬ 
hol, distilled water, and alcohol. The tube is next 
evacuated to a high vacuum and baked at 500 
degrees C for two hours; in the case of the copper 
electrodes, hydrogen is admitted for 10 min. or so at 
this temperature to reduce off oxides. The tube is 
again evacuated to 10“' mm or better, cooled, and 
filled. Successful results have been obtained only 
when the xylene has been admitted first, followed by 
the argon; indeed, the best counters have resulted 
when the argon rushing into the tube has actually 
condensed droplets of xylene on the envelope, so 
that the tube has contained saturated xylene vapor. 
(The threshold then'becomes slightly temperature 
dependent, but with the parallel-plate counter 
operated far above threshold, the change is not im¬ 
portant in a normal laboratory room.) The impor¬ 
tance of admitting xylene first is possibly due to the 
formation of a layer of xylene on the cathode. 

m. THE AFTER-EFFECT 

As a first step in studying the parallel-plate 
counter, an external quench circuit (see Section IV) 
was constructed which permitted the device to be 
studied under conditions which would otherwise 
lead to a continuous discharge. The counter, ini¬ 
tially charged only to a small clearing potential, is 
rapidly charged to the full potential and isolated. A 
discharge then occurs when an electron appears in 
the active volume. At a known time Tq following 
the discharge, the counter is recharged, and so on. 
The quench time, T g, is adjustable from milliseconds 
to minutes. 

The presence of spurious counts is indicated if the 
mean interval (as measured, say, with an integrating 
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Fio, 2. Schematic drawing of the experimental parallel- 
plate counten. 


circuit) between the chaining of the plates and the 
subsequent discharge is much shorter than is to be 
expected on the basis of the natural background 
radiation. In an extreme case, the counter counts 
just as rapidly as the quench circuit will permit. 

Using this circuit, the following conclusions were 
reached: (a) all counters so far studied need a 
quench time of at least 0.01 to 0.05 sec. but (b) if a 
counter is “bad," the spurious activity has a per¬ 
sistence so long (of the order of minutes) that to 
circumvent it by increasing the quench time is im- 
■* practical. The use of a quench time of the order of 
0.01 second is thus a necessary, but not a sufficient, 
condition. 

The length of the plateau is not very sensitive to 
the quench time, although the situation was com¬ 
plicated by the fact that the leads to the electrodes 
began to count ^t voltages in the vicinity of the 
upper end of the plateaus of "good" counters. (The 
end of the plateau is almost by definition the volts^e 
at which the aftereffect begins to mask the true 
counting rate.) 

Another requirement for the suppression of the 
aftereffect seems to be the use of a small percent^fe 
of organic vapor in the tube. Counters filled with 
pure argon or pure air exhibited no plateau at all 
even at the longest quench times, although a some¬ 
what critical mixture of 3.4 mm air and j) atmos. 
argon did produce a workable counter; the plateau 
slope was about 10 percent per 100 volts, about 
three times the slope for a typical argon-xylene 
counter. 

Now it is well known that the addition of one of 
the so-called "self-quenching” vapors to the con¬ 
ventional G-M counter enables it to be used with a 
low value of external resistance in a "fast" circuit. 
The vapor is believed to have two effects. First, it 
suppresses the production of photoelectrons at the 
cathode by absorbing ultraviolet photons. Second, 
it greatly reduces the production of secondary elec¬ 
trons by positive ion bombardment. With a parallel- 
plate counter operated at a quench time of 0.05 
second, however, neither of these effects enter the 
picture: we wish to point out that in this case, at 
least, the primary function of the vapor is the 
suppression of the after-effect. 

In addition to the use of a quench circuit and the 
admixture of organic vapor, a third factor of im¬ 
portance in suppressing the aftereffect is the prepa¬ 
ration ot the electrodes; successful results have b^n 
obtained only when the baking and hydrogen treat¬ 
ment outlined in Section II has been followed. 

The plateau slojx for an aigon-xylene counter, 
constructed according to the for^:dng section, is 
invariably about 4 percent per 100 volts. To in¬ 
vestigate the origin of the plateau riope, plateaus 
were taken at ^o widely different quemd) (dnMp. It 
was found that the ^pe changed from 4.4|Miri9iot 



PARALLEL-PLATE COUNTERS 


205 


at a O.OS-aec. quench time to 2.9 percent at 3.4-sec, 
quench time. The plateaus were, of course, meas¬ 
ured by plotting the reciprocal of the mean interval 
between the charging of the plates and the subse¬ 
quent discharge, since the longer quench time wais 
very much longer than the mean interval between 
natural background counts. 

Some, at least, of the plateau slope is therefore to 
be attributed to the aftereffect. The remainder is 
due to an increase in the efficiency with overvoltage, 
a fringing of the field at the edges of the plates, or 
some other unknown cause. 

While a carefully prepared argon-xylene counter 
is substantially free of aftereffect, it eventually 
deteriorates. The usefulness of the counter ends in¬ 
variably with the occurrence of “spot-bursts;’* 
spurious counts are observed to originate from one 
or more very definite spots on the cathode, the 
counts occurring in bursts which are easily dis¬ 
tinguishable from the normal background counts 
which are scattered in a random fashion over the 
surfaces of the plates. At first these bursts choke 
themselves off, presumably when, by chance, genu¬ 
ine counts occurring elsewhere in the counter give 
the spot a chance to “cool off.” Once such a spot 
starts, it gets worse and bursts occur more and more 
frequently. Although lengthening the quench time 
helps somewhat, as does reducing the overvoltage, 
in all cases the spot eventually develops until even 
at the longest quench times tJie counter counts at 
the spot almost as fast as the quench circuit re¬ 
charges the electrodes. The spot may be remedied 
only by rebaking and refilling, and in the worst cases 
the counter must be taken apart and the spot 
swabbed with xylene. 

Because of their localization, the spot bursts must 
be connected with the state of the electrodes. It is 
not merely a matter of the formation of a sharp 
point, as the spots do not alter the threshold nor do 
the sparks favor the spots at low voltages. Indeed, 
until the spot is very bad the counter operates 
stably at lower voltages. 

In Section II we have mentioned the importance 
of admitting the xylene first, followed by the argon. 
The other order of filling, despite ample time for 
diffusion, exhibited invariably a very bad after¬ 
effect and, in addition, the threshold voltage and 
visual appearance of the sparks were markedly 
different, being very similar to the characteristics of 
pure argon counters. 

This effect and the spot bursts are consistent with 
the suggestion of Professor H. V, Neher that surface 
films on the cathode and anode play an important 
role in determining the characteristics of a counter, ^ 
According to this picture, the aftereffect is sup¬ 
pressed ^ a film of xylene on the electrodes. A spot 
burft occurs when the film is locally altered or 
^lestwyed in worn manner. 


An alternative picture would be to suppose that 
the ultraviolet ab^rption of the vapor is chiefly re¬ 
sponsible for the suppression of the aftereffect, 
while the spot bursts are caused by an accumulation 
of material deposited on the electrodes by the action 
of the sparks. While this picture is inconsistent with 
the behavior of counters filled with argon and xylene 
in that order, we feel that more information is 
needed before a definite conclusion may be reached. 

As to the actual mechanism of the spurious counts, 
one can only say that the evidence points towards 
the Paetow effect.*-• Submicroscopic bits of insu¬ 
lating materials such as dust or oxides are charged 
up by photons or positive ion bombardment from 
the sparks. High fields are formed because of the 
extremely small size of the particles, and delayed 
electrons or photons are produced either by break¬ 
down of the insulating matter, field emission, or 
some other process. 

IV. QUENCH CIRCUIT AND AUXILIARY ELECTRONICS 
A. Quench Circuit 

The quench circuit used with the parallel-plate 
counters is shown in Fig. 3. 

The very fast negative-going pulse from the posi¬ 
tive counter plate triggers the univibrator TiT 2 t 
which in turn causes T% to conduct for the duration 
To of the univibrator swing. When the univibrator 
flops back, the counter is rapidly recharged and the 
circuit is ready for another count. The counter is 
very loosely coupled to the univibrator in order that 
very little of the charge stored in the stray capaci¬ 
tances of the circuit may flow through the counter 
during the breakdown, which occurs very much 
faster than the univibrator swing. 

None of the circuit parameters is very critical, nor 
is the adjustment of the bias on Ti particularly 
ticklish since a pulse of several hundred volts is 
supplied by the counter. 

Some factors which influenced the design of the 
circuit are low current drain on the counter high 
voltage supply, wide range of quench times, good 
response to random pulses, and a recharging time 
short compared with the mean interval between 
counts (to avoid longer lags due to discharges oc¬ 
curring before the counter reaches the full potential). 
The use of a receiving-type tube at T% has given no 
trouble, despite the fact that the rated plate voltage 
is exceeded by a very large factor; the plate dissi¬ 
pation is, of course, kept very low. It is important 
that Ti be a sharp cut-off pentode. 

B. AuxiUAry Electronics 

Figure 4 shows how two counters may be con¬ 
nected simultaneously to a common quench circuit 

• H. Paetow, Zeita, f, Phyaik Ul, 770 (1939), 

• Reference 6, p. 498. 
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as well as to an auxiliary coincidence circuit with¬ 
out appreciably disturbing the initial UV*F pulse** 
which each counter sends down the timing line. The 
time constants are such that a counter is “left 
alone/' so to sfx^ak, until the pulse is over; the 
large series coupling resistors also minimize the 
charge which flows through a counter and hence the 
energ^y in the spark, as a result of external circuit 
capacitance. 

Both counters are connected to the same quench 
circuit for three reasons: it eliminates the need for 
another quench circuit, it minimizes relative lags 
due to different voltages on the counters, and it in¬ 
creases the coincidence rate in the case where the 
quench time is of the same order of magnitude or 
larger than the mean interval between background 
counts. 

The voltages Vcu ^ ca clear the tube of residual 
ions during the quench periods and compensate for 
individual variations in counter thresholds; they 
must not, however, be more negative than —600 
volts for complete quenching. 

The 1N34 crystal diodes form a simple coinci¬ 
dence circuit of the type discussed by Howland 
ei The large voltage swing of the parallel-plate 
counter makes it possible to use a resistance- 
capacitance divider instead of the conventional 
amplifier required to drive the circuit with cylin¬ 
drical counters. The coincidence output is coupled 
to succeeding circuits through a cathode follower 
since stray capacitances must be kept small at this 
point. The resolving time of the circuit is around 1 
to 2 Msec. 

Originally, the resistance-capacitance divider had 
a 2-MMf capacitor across the 10,000-ohm midget 
resistor, but the stray shunt capacitance alone is 
adequate to drive the coincidence circuit. 


COUNTER UNIVIBRaTOR hv, control tube 


T, (6SN7) T, T, {6C6) 



Fig. 3. Quench circuit. Capacitances are in npi except for the 
three 0.01bypass condensers; resistances are in ohms, with 
iC«10*, Af**10f For a quench time of 0,05 sec., Rn is 20M, 
Cn is 0.002 ^f. is a “clearing field" of about 500 volts. 


In this paper add in the companion paper describing the 
timing circuit, the term “ultra-video-frequency" (UVP) will 
be used to describe pulses of the order of 5X10-* sec. in 
duration, 

“ B. Hwland, C. A, Schroeder, and J. D. Shlpjnan, Jr.. 
Rev. Sci. Inst. 18, 551 (1947). 
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Fig. 4, Two counters coupled to a single quench circuit and 
to a simple coincidence circuit. Large resistances isolate the 
counters from these circuits during the initial fast transients, 
which are sent down the UVF timing line. C, is the stray 
capacitance of the lOA' resistors (about 0.5 /nMf)* 


V. THE REACTION TIME 
A. Experimental Arrangement 

In order to ascertain the precision with which a 
time interval between two ionizing events may be 
measured, one needs to know the uncertainty in the 
reaction time of the parallel-plate counters. The 
reaction time itself—the time between the appear¬ 
ance of an ionizing event in the counter and the 
maximum of the short electromagnetic pulse sent 
down the timing line—is fortunately of less interest, 
since it would be much more difficult, if not im¬ 
possible, to measure. 

The reaction time uncertainty was measured as 
follows: two argon-xylene counters of the type de¬ 
scribed in Part II were placed directly one above the 
other with their plates horizontal. The auxiliary 
coincidence circuit descTibed in Part IV selected 
those events where a particle from the cosmic radia¬ 
tion passed through both counters; because of the 
proximity of the two counters and the speed of a 
particle capable of penetrating the counter envelopes 
and plates, it could be assumed that the counters 
were tripped simultaneously. As a result, however, 
of the uncertainty in the time lag between the 
initiating event in a counter and the electromagnetic 
pulse which it sends to the timing line, the pulses 
will enter the timing line not simultaneously but 
separated by a small time interval AT, 

A distribution curve of the relative lags AT then 
gives a measure of the uncertainty in the reaction 
time. 

The resolving time of the auxiliary coincidence 
circuit in the above measurement was about 1 to 
2 Msec. This is large enough so that we may safely 
assume no true coincidences will be mis^, yet 
small enough so that the rate of accidental coinci^ 
dences is only a few per day. 

The timing circuit (similar in principle to the 
Ncddermeyer “chronotron"), used for the veiry 
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Fig. 5. Distribution of relative lags between two counters 
tripped simultaneously by a coamic-ray particle. A relative lag 
is ”off scale" if it lies outside the chronotron range, —20X lO”** 
to -f 16X10** sec. Distributions are given for four different 
overvoltages, A F. 

time measurements, is described in a companion 
paper. The instrumental error is ajiproximately 
1X10~® sec., using ten detectors spaced two feet 
apart; the range is from —16X10"® to +20X10"® 
sec. Cases where the coincidence circuit records a 
coincidence but the chronotron shows no peak in the 
superposition locus are recorded as “off scale" lags, 
that is, lags which lie outside of the above range. 
The superposition loci are rec^orded by photograph¬ 
ing the synchrosco[xi screen. 

From the appearance of the superposition locus it 
is always ix)ssible to tell whether two pulses have 
passed (whether or not they intersect in the meas¬ 
urable range) and thus check the operation of the 
coincidence circuit. The width of the superposition 
locus peaks gives a measure of the rise time of the 
slowest of the two pulses which met, but this rise 
time tells us very little, of course, about the reaction 
time itself; it may be some time between the forma¬ 
tion of the initiating ion pair and the first observable 
voltage surge. 

B. Results 

In Fig. 5 we present distribution curves of the 
relative lags between two parallel-plate counters. 
The ordinates of these histograms represent the 
number of lags occurring in a range 4X10"® sec. 
wide in approximately 18 minutes of counting; the 
total number of coincidences is not the same for 
each graph, however, as will be noted from the 
variation in coincidence rate shown in Fig. 7. 

If we define the uncertainty (AT) to be such that 
one-half the lags (including those off scale) fall 
within db(Ar) of the center of the distribution curye 
and plot this uncertainty against overvoltage, the 
curve in Fig. 6 is obtained. We see that the uncer¬ 
tainty varies from 17 X10^* »ec. at an overvoltage of 
250 to about 5X10"* at 900 volts. 


Pulse rise times as measured from the width of the 
superposition loci at half-maximum range from 
8 X10"® sec. at the lower overvoltage to 3 X 10~® sec. 
at an overvoltage of 900. As mentioned before, these 
figures represent little more than a lower limit on 
the absolute reaction time. 

C. Discussion of Results 

In Fig. 5 we notice that the centers of the lag 
distributions fall to one side of the zero point. This 
means that the average lag of one counter is slightly 
greater than that of the other. Recent results with 
counters of better mechanical tolerances show that 
this effect may be greatly reduced; any remaining 
effect may lie corrected by a calibration of the 
counters. 

Also from Fig. 5 we note that the percentage of 
“off scale" lags decreases as the overvoltage is 
raised up to approximately 750 volts, after which 
the percentage increases by a significant amount. 
This trend is borne out by measurements made 
using visual observation of the synchroscope at 
overvoltages up to 1250. However, at the higher 
overvoltages the sui>erposition loci exhibit sharper 
peaks with subsidiary maxima and the counters 
tend to deteriorate rapidly. For these reasons, the 
behavior of the counters and timing system at 
overvoltages greater than 1000 require further study 
before quantitative data may be presented. 

Because the percentage of long lags increases at 
the highest overvoltages, while at the same time the 
peaks of distribution curves narrow markedly, it 
seems likely that we are dealing here with at least 
two effects, which we will, for convenience, refer to 
as short lags and long lags. 

The long lags are probably connected with sparks 
occurring in the weaker fringing fields at the edge of 
the plates. To estimate the magnitude of this effect, 
we note that the effective area of a counter 1.5 in. 
X4 in., spaced 0.1 in., increases by about 18 percent 
if we suppose the field to fringe out a distance equal 
to the spacing. Bearing in mind that a lag results if 
either counter is triggered in the edge region, this 
figure must be doubled. The magnitude of the effect 
is of the right order. In support of this interpretation 



Ovtrwltoge 

Fig. 6, Uncertainty in the reaction time, (AT), as a function 
of overvoltage. Half the relative lags of two counters tripped 
aimultatieouuy fall between =t:<Ar) of the center of the distri¬ 
bution. Data from Fig. S. 
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Fig. 7. Coincidence rate vs, voltage for two counters, one 6 cm 
directly above the other, witn their plates horizontal. 

are the following: (a) the increase in p)ercentage of 
long lags at high overvoltages; (b) the increase as 
shown in Fig, 7 of the coincidence rate with voltage; 
(c) an increase in the number of sparks visually ob¬ 
served to go at the edges at the higher overvoltages. 

Since the superposition locus has no peak if only 
one pulse passes down the line, such an occurrence 
would be recorded as an “off scale” reading. Such 
cases are fortunately easily recognizable by the fact 
that, if only one pulse passes down the line, attenua¬ 
tion along the line gives the pattern a tilt one way or 
the other Which is balanced out in the two-pulse 
case, and it was thus possible to reject this explana¬ 
tion of the long lags with certainty. 

Since the reaction time is a function of the field 
strength at the point where the streamer occurs, 
non-uniformity of the plate spacing will introduce 
an uncertainty in the reaction time. The variations 
from point to point in the spacing of the present 
counters may be as large as 5 percent. To estimate 
the importance of uniform spacing, the field strength 
on one counter was varied by varying the voltage. 


while the other counter voltage was held constant, 
and the shift in the position of the maximum in the 
lag distribution curve was observed. A shift of about 
1XIO"® sec. was produced by a one percent change 
in total voltage in the vicinity of 900 volts over¬ 
voltage. We conclude from this that the shorter lags 
are at least in part caused by non-uniformity of the 
plate separation. 

Until further, more detailed investigations have 
been carried out, it is not possible to state how much 
of the uncertainty observed in this experiment is 
xlue to edge effects and non-parallelism and how 
much to the ultimate statistical fluctuations in the 
streamer build-up. 

Improvements in the geometry of the counters 
should virtually eliminate lags due to the former 
cause, while the lags due to the latter may be 
minimized in two^^ays: one may, by further work on 
the spurious count problem, produce a counter which 
may be operated at still higher overvoltages, and 
one may use greater spacings or higher pressure, 
thus smoothing out the scatter resulting from sta¬ 
tistical variations in the number of ion-pairs formed 
by the initiating event. 
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A single lens convergent light apparatus is described with which diffusion in liquids may be studied 
by an interference method. Details of the optical elements and their mounting and alignment are 
given as well as the design of a temperature control regulating near 0"C to within 0.01 A modified 
Poison sharpening technique has been used successfully in forming diffusion boundaries in a Tiselius 
cell. A modification of the Rayleigh interferometer has been employed as an aid in the measurement 
of the refractive index increment parameter, j,«, which is required for the evaluation of the diffusion 
coefficient. During diffusion a reference slit image obtained by the employment of special cell and 
plate masks permits more accurate measurements of the undeviated slit image position than have 
been obtained from the interference diffusion fringe picture. Results indicate that the apparatus is 
capable of 0.1 percent precision. 


INTRODUCTION 

W HEN moncx;hromatic light from a horizontal 
slit is brought to a focus by a lens system, 
and a column of liquid containing a diffusing 
boundary is placed in the optical path, an inter¬ 
ference phenomenon is produced in the focal plane 
below the undeviated slit image. T,he description 
and qualitative explanation of this phenomenon 
were published by G. L. Gouy in 1880.^ In recent 
companion papers, the theoretical basis for con¬ 
verting the interference fringe spacing into an 
interpretation of the diffusion phenomenon,* and 
the verification and practical utilization of this 
theory for evaluating diffusion experiments* have 
been reported. In addition, Longsworth* has de¬ 
scribed innovations in equipment and technique 
which were employed in experimental studies of 
diffusion with this method. 

It is the purpose of this paper to present features 
of equipment design and methodology developed 
and employed in this Laboratory during the past 
year fdr diffusion studies with the interference 
method. ^ 


as the horizontal slit source and schlieren lens of 
his electrophoresis schlieren scanning apparatus*** 
together with a photographic plate replacing the 
schlieren diaphragm in the plane of the slit image, 
constitutes a precise optical system for the photo¬ 
graphic observation of the diffusion interference 
fringes. For the present studies the equipment has 
been arranged as shown schematically in Fig. 1. 
The framework supporting the bath and optical 
parts of the system consists of two parallel 5X8 
inch I beams bolted on top of three concrete pillars 
of about 2000 pounds each. To insulate the system 
from vibration, mats of Keldur^ of proper area to 
bring the dead load up to that specified by the 
manufacturer are placed between these pillars and 
the floor. The bath stirrer and refrigeration coil are 
mounted separately on a stand bolted to the floor. 
As a result of the use of a condensing lens for the 
illumination of the slit source, heating of the slit 
mechanism is reduced, and filters can be mounted 



APPAHATtrS DESIGN AND CONSTRUCTION* 

The study of Longsworth* has shown that a high 
quality ungle lens convergent light apparatus such 


•Present addreM: Biochemistry Section, National Cancer 
Institute, Bethetda 14, Maryland. 

* G. L. Gouy, Comptes Rendu# 90, 307 0880). . 

*G, fCc^le# and L. J, Gosting, J. Am. Chem, Soc, 69, 2516 

(1947). 

*L, G* Longsworth, J. Am, Chem, Soc. 69, 2510 (1947), ^ 

* DeiCribed m Doctoral Thesis of L. J, Gosting, Universtiy 
of Whootiiin, 1947. 


Fig. 1. Apparatus for interference diffusion studies. 
Schematic side view, not drawn to scale. 


lfS--G.E. AH4 lamp 
LL —Coadenier lens 
F—Wratten filter No. 77 
5—Source alit 
t —Conversent lent 
WU 8, S^-wCdowa 


CM—Cell maak 
C—Ceil 
a—Water bath 
SH—Shutter 
FM—Plate maak 
P —Photographic plate 


* L. G. Longmrorth, J. Am. Qiem. Soc. <1, 529 (1939). 

*L. G. Longmorth, Ind. Eng. Chem. A^. Ed. 18, 219 
(1946). 

'HobMte Products Company, Inc., 550 Cortlandt Street, 
Belleville 9, N. J. 
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on the lamp side of the slit rather than in the optical 
system proper. The apparatus makes use of a single 
170-cm focal length, 6.3-cm clear aperture, sur- 
spaced compound lens* corrected for mercury green 
and yellow lines, and designed to project at full 
aperture a sharp image of the slit source on the 
optic axis, at unit magnification. While the use of 
this long focal length lens results in lower light 
intensity at the photographic plate than when using 
the optical equipment of the conventional electro¬ 
phoresis apparatus,* the greater optical lever arm 
so obtained gives proportionally greater fringe dis¬ 
placements below the undeviated slit image. This 
allows observation of the diffusion for a longer 
time than is feasible with a lens of shorter focal 
length. 

The windows* for the water bath thermostat are 
borosilicatc crown glass, 10 cm in diameter and 
1.5 cm thick, with surfaces flat to one-half wave 
and parallel to within 30 seconds of arc. Since the 
water bath is operated near 0®C to minimize re¬ 
fractive index and reduce density fluctuations with 
changes in temperature, enclosed dry gas spaces* 
adjacent to each bath window are employed to 
prevent condensation of moisture on the optical 
elements. Dry nitrogen is passed through those 
spaces as needed by means of the tubes shown in 
Figs. 2 and 3. In addition, certain new mounting 
features render the optical system independent of 
the water bath position, provide for maximum 
rigidity of the optical elements, and at the same 
time afford flexibility of adjustment. Details of the 
mounting are shown diagrammatically in Fig. 2 
and photographically in Fig. 3, The water bath 
itself is insulated with Foamglas,® and all joints 



Fig. 2. Diagram of bath double window mounting. 


•Supplied by the Perkin-Elmer Corporation, Gknbrook, 
Conn. 

^j^kUburgh-Corning Corporation, Port All^any, Penn- 


and spaces around this insulation are filled with 
asphalt roofing cement. Along the optical channel, 
the insulation is further sealed from the atmosphere 
and the water in the bath by means of hard rubber 
flanges and pipe*® fastened to both walls of the 
bath. Window 6, F'ig, 2, or the lens in its cell, is 
mounted in a bronze collar 5 and fastened to the 
main bronze tube 3 with alternate pressure and 
tension screws, so as to make tilting adjustments 
possible in all directions. Connections between the 
optical assembly and the water bath are made 
6nly through two large synthetic rubber diaphragms 
of ^-inch Fairprene,** which serve to seal the 
assembly while providing for independence of the 
bath position. I'o jiermit tilting of the entire as¬ 
sembly and adjustment of the inner window, the 
bronze tube 3 is held firmly in a cast iron bracket, 
Fig. 3, mounted channel iron across the sup¬ 
porting I beams with pressure and tension bolts. 
Further adjustment is possible by rotation of the 
channel about a vertical axis. Focusing and align¬ 
ment of this assembly and the slit source were 
accomplished by alternate use of a leveled sur¬ 
veyor's transit and a Gauss eyepiece telescope. In 
final adjustment the flat side of the compound lens 
is parallel with all window faces within about 30 
seconds of arc and the normals to these surfaces 
are horizontal within the same limit of error. No 
appreciable distortion of the windows resulting 
from making them water-tight has been detected 



Fig. 3. Photograph of lens mounting. 


B wAdiuittiis bolt 
D wRubbtr dutphnkgm 


B MAdJttiUble tetti bolder 
tmhtM 


B. F. Goodrich Company, Akrom Ohio. 

£. I. du Pont de Nanoum and Company, Fabrici Divhh 
sbn, Fidrfield, Connecticut* 
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from Gauss eyepiece reflections, which appear the 
same whether the bath is empty or filled with water. 
Without lateral or vertical movement, or rotation, 
the leveled transit could be focused alternately on 
the slit source and on the slit image projected when 
the lens was screwed into place, thus precisely de¬ 
fining the optic axis. In order that the photographic 
plate cou^ be aligned perpendicular to the optic 
axis within about 20 minutes of arc, the telescoping 
camera tube (outside diameter, 4 in.), to which the 
plateholder adapter and shutter were fixed, was 
mounted in a cast iron bracket similar to that 
shown in Fig. 3. The camera tube was focused 
carefully by eye to bring the emulsion side of the 
photographic plate to the focal plane of the lens. 

Prior to assembly the window thicknesses were 
measured with micrometer calipers. Their refractive 
indices were obtained by focusing the microscope 
of a Gaertner slide comparator on a fine line 
scratched on a metal plate, and refocusing to obtain 
the apparent change in position of the line after 
interposing the windows of known thickness. For 
measuring the distances between the various optical 
elements, special inside calipers were constructed 
of long brass rods with collars at intervals, threaded 
into rods of larger diameter, with lock nuts for 
setting. These could be measured after each setting 
with a 24-inch vernier caliper. The optical distance 
b, frrnn the center of the diffusion cell to the 
photographic plate, thus mechanically measured, 
was calculated to be 306.45 ±0.02 cm in vacuum, 
assuming the bath and cell to be filled with water 
at 0.5“C. 

In order to obtain diffusion measurements ac¬ 
curate to 0.1 percent, it is necessary to regulate 
this temperature of the diffusion column to 0.025*C. 


Fig. 5. Capillary siphon for boundary sharpening. 

The method successfully employed to maintain the 
water bath temperature constant is illustrated dia- 
j?rammatically in Fig. 4.^^ The mercury thermo- 
regulator (T) which is placed close to the cooling 
coil (CC) controls through a relay (jR) the solenoid 
(5F) in the suction line. On closing, the solenoid 
instantaneously stops all refrigeration of the bath. 
The surge tank (ST) is then exhausted by the com¬ 
pressor unit (C) until the unit pressure control 
switch shuts off the compressor motor. When the 
thermoregulator reopens the solenoid, a rapid surge 
of refrigerant into the tank provides adequate cool¬ 
ing in 10 to 15 seconds, with better than 0.01 
control of the entire bath, and no icing of the coil 
even below 0.4‘*C. 

TBCHNIQUE OF MEASUREMENTS 

The diffusion measurements have been per¬ 
formed with a long center section Tiselius cell**“^* 
whose top section is extended with tubes reaching 
above the bath water. However, the disturbance* 
of the boundary during shifting from behind the 
opaque horizontal plates where it is formed has 
b^n rectified by a slight modification of the bound¬ 
ary sharpening technique due to Polson.^*^^* In 

“The authors are indebted to the Robinson Brothers, 
Refrigeration Maintenance Corporation, Madison. Wisconsin, 
for essential parts of the refrig^ation control design. 

“A. Tiselius, Trans. Faraday Soc, 33. 524 (1937). 

“ L, G. Longsworth, Qiem. Rev, 30, 323 (1942). 

“L. G. Longsworth, Ann, N. Y. Acad. Sek 41, 267 (1941). 

“A. Poison, Onderstepoort, J. Vet. Sci. Animal Ind. 20, 
159 (1945). 

Person, F. J. Joubert, and D. A. Haig, Biochein. J. 
40, 265 (1946). 

“D. S. Kahn and A, Poison, J. Phys. and Colloid Cbem, 
51, S16 (1947), 
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Fig. 6. Diffusion cell mask. 


filling the cell, Fig. 5, the bottom section, both 
channels of the center section, and the left arm of 
the top section are filled with solution. The right 
arm of the top section is filled to the same level 
with solvent, or less concentrated solution. For 
equilibration to bath temperature, the top section 
is aligned with the bottom section, and the center 
channels remain isolated by displacement to one 
side. Immediately after sliding the center section 
to the position shown in Fig. 5, a capillary of about 
0.5 mm outside diameter, connected to a siphon 
through a stopcock, is lowered by rack and pinion** 
until the tip is within 0.5 mm of the optic axis. 
Fig. 5. To locate the optic axis conveniently for 
positioning the capillary tip, a fine wire is in¬ 
corporated into the cell mask, as shown in slot B, 
Fig. 6. 

Incorporation of the double slits in sections C 
and C' into the sliding section of the cell mask, 
Fig. 6, makes it possible to use the optical system 
as a Rayleigh interferometer** to aid in the evalua¬ 
tion of the refractive index increment of the dis¬ 
solved solute. If the slits in section C are separated 
by a vertical distance of about 1 cm, the sharpened 
boundary may be centered between them so that 
the original solution is in front of the lower slit and 
and solvent is in front of the upper one, and 
Rayleigh fringes of a convenient breadth (0.167 
mm) may be photographed at the camera plate. 
The theory for the diffusion interference phenome¬ 
non* shows that the number j** of waves retarda¬ 
tion by the solution as compared with the solvent 
is given to the next larger integer by the inequality 
where N is the number of bright Mnges 
wholly or partly resolved from the undeviated slit 
ims^e in the diffusion interference pattern. This 
choice of the integral part of jm, i.e., N —1, is con¬ 
firmed below and elsewhere*-*® by diffusion data 

*' Urd Rayleigh, Proc. Roy. Soc. S9, 203 (1896). 

, “ J- Gpatiiig and M. S. Morris, paper presentad-st the 
113th meeting of the American Chemical Society, Chicago, 
lUinois, April 22, 1948. ^ 


for a single homogeneous solute. For this case the 
same value of the diffusion coefficient is obtained 
from each fringe of a given photograph as predicted 
by theory* when calculations are ba^ on the cor¬ 
rect value of j*,. Use of the wrong integer for j« 
results in values which drift markedly with in¬ 
creasing fringe number. The additional fraction 
comprising j« may be obtained by obsoving the 
fractional downward displacement of the Rayleigh 
interference fringes within the central diffraction 
zone when solvent replaces the solution in front of 
the upper slit.** In use, section C, Fig. 6, is aligned 
with the cell while light from C' passes through the 
adjacent water bath to pro\dde a reference. With 
the Tiselius cell in its open position, and the sliding 
mask moved to align section C with the cell, it is 
pc»sible to cover either C or C' by rotating a long 
vane, supported by, a heavy vertical wire fastened 
to the cell holder frame. 

To prevent superposition of successive fringe 
system photographs from sections C and C', the 
mask shown in Fig. 7 is used in front of the photo¬ 
graphic plate. Part "a,” Fig. 7, was made to fit 
snugly into the slot in front pf the photographic 
plate. This part was constructed of three sheets of 
metal firmly fastened together with small screws 
after the middle sheet was cut as indicated by the 
dotted line. The thin metal slide, “b,” Fig. 7, could 
be lowered inside “a” through the opening at posi¬ 
tion 2, and moved so that, any one of thi levels A, 
B, or C was located in opening 1. Opening 1 was 
cut at the level of the undeviated slit image. There 
is sufficient friction between p^uts “a” and "b” to 
hold the slide wherever it is set. 

With the cell filled and the capillary adjusted as 
shown in Fig. 5, section C of the cell mask. Fig. 6, 
is aligned with the right channel of the cell, slot B 
of the slide “b,” Fig. 7, is adjusted at the opening 1 
in the plate mask “a," and the vane tivned to 
close off light coming through section C and the 
water bath. The plateholder dark slide is then 
opened and exposure is made with the manual 
shutter. Fig. 1. Immediately thereafter, the vane is 
turned to close off light coming through the cell 
and section C, slot A of the slide “b,” Fig. 7, is 
aligned with the opening in the plate mask "a'* 
without disturbing the photographic plate, and a 
reference photograph is taken. Slot C of Fig. 7 is 
included in the slide to make possible a reference 
picture both before and after the cell photograph 
to check periodically the over-all stability ^ the 
optical system. Typical photographs are shown in 
Fig. 8a. The stopcock is then opened, and aiph(Miing 

** The application of the Rayiewh in^rferometer haa bepn 
made in an entirely equivalent ladiion by Couieon, CbX, 
Ogaton, and Philpot, Proc. Roy. Soc. Alia, (1948) in ffisir 
independent development of the Gouy interference 
and their paper preeentt the complete theory for ffibi ams^ 
tioa. K 'V: ^ 
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commences* As this proceeds, the boundary is 
swept down to the capillary tip. Schlieren observa¬ 
tion with the telescope placed behind the slit 
image plane, as well as direct observation of the 
diffusion interference fringes, indicates considerable 
boundary disturbance during this period. When the 
boundary reaches the level of the capillary tip. 
sharpening takes place very rapidly. To insure that 
gradients of concentration are swept away from the 
cell walls above the boundary, siphoning is con¬ 
tinued at a rate of from 0.3 to 1.5 ml per minute for 
a time sufficient to replace the liquid in that region 
at least three times. Throughout this period suc¬ 
cessive Rayleigh fringe photographs through the 
cell and the water bath are made as described 
above. Typical photographs, showing the displace¬ 
ment of the fringe system on replacement of solu¬ 
tion by solvent in the cell in front of the upper 
slit, appear in Fig. 8b. The evaluation of the suc- 



0 b 


Fig. 7. Photographic plate mask for refractometer 
photographs, a. Slide holder, b. Slide. 

cessive photographs serves to determine whether 
all refractive index gradients have been swept out 
from above the thin opaque layer between the slits. 
The diffusion experiment is started by closing the 
three-way stopcock 5, Fig. 5, between the capillary 
and siphon. The capillary is immediately withdrawn 
with the rack and pinion. Then the center section of 
the cell is closed off to prevent any possibility of 
condensation of atmospheric moisture into the 
diffusion column. With the cell in this position, the 
mask, Fig. 6, is moved so that the slot A is aligned 
with the right arm of the cell containing the diffu¬ 
sion column. The vane attached to the frame then 
sarves to screen off either section A or section A\ 
During the diffusion experiment, photographs are 
mai^ through the cell with slot Aj whose upper 
and lower ends are made V-shaped to reduce 
and sire sursuiged so they may be opened 
iytlliA^tiuiy about the boundary as it spreads.* 


The V-shaped ends are produced by thin sheet 
brass plates, shown with dotted lines, which are 
actuated to move in vertical ways by a single 
vertical rod having right- and left-hand threads. 

The detachable plate A^ contains two slits sym¬ 
metrically located about the level of the optic axis. 
The purpose of the double slit in section v4' is to 
provide reference photographs for each diffusion 
photograph so that the position of the undeviated 
slit image may be located. The double slit separa¬ 
tion in .4' is less than in C' so that wider openings 
of the source slit, required for early diffusion photo¬ 
graphs, may be used without blurring the fringes 
in this reference pattern. Photographs of the dif¬ 
fusion interference fringes are followed immediately 
in each case by the reference double slit inter¬ 
ference photograph through section A' and the 
water bath adjacent to the cell. To prevent the 
alternate diffusion and double slit exposures from 
superposing on the photographic plate, which must 
be absolutely stationary between these exposures, 
interchangeable masks, shown in Fig. 9a for diffu¬ 
sion and 9b for reference photographs are inserted 
in front of the plateholder. Satisfactory control of 
exposures is accomplished by the manually operated 
shutter, 

A typical photograph showing both diffusion 
and double slit reference fringe systems is shown in 
Fig. 10. The central portion of the pattern shows 
successive steps taken through increasing thick¬ 
nesses of gelatin filter according to the technique 
described by Longsworth.* The central maximum 
of the double slit pattern denoted by **Ref,** de¬ 
termines the undeviated slit image position inde¬ 
pendently. Since this pattern is symmetrical about 
the center of the slit image, the position of the 
latter can be located accurately from the two sur- 


R R c R 





Fig. 6. b. During riiarpsaing, Le., solvent it in front dl upper 
•lit of C, Fig. 6, while solution b in fnemt of the lower slit* 
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rounding minima. Because the double slit pattern 
is obtained at all times from the same small por¬ 
tions of the lens near its center, this reference is 
not subject to the same spherical aberration errors 
as the slit image itself photographed through por¬ 
tions of the lens which approach the periphery as 
the diffusion proceeds. The precision depends on 
the stability of the optical track, but the time 
intervening between the reference and diffusion 
photographs is so short that the present equipment 
has in the majority of cases been found to give slit 
image positions self-consistent to within two or 
three microns. 

On comparison of Rayleigh fringe photographs 
taken through the cell when filled with homogene¬ 
ous liquid with those through the adjacent thermo¬ 
stat using reference A\ Fig. 6, a constant displace¬ 
ment, 5, was noted that is doubtless due to small 
prismatic effects in the cell and/or bath windows. 
This was added to the measured displacement of 
each fringe below the reference slit image position 
to give the correct downward displacement, Yy, of 
each fringe from the true undeviated slit image. 

The optical quality of this combination of bath 
windows and, cell walls was tested by successively 
placing other double slits with gradually increasing 
spacings ranging from about 3.3 to 23.3 mm behind 
the cell and measuring successive *'6** distances as 
described above. Water filled the cell during these 
tests, and each pair of slits was always sym¬ 
metrically spaced about the level of the optic axis. 
The value of 5 decreased slightly as the slit separa¬ 
tions were increased, but had not changed by more 
than 5 microns when slit separations of 20 mm were 
reached. Thus the central portion of the cell and 
windows, from which all diffusion data are derived 
when the slit image position is obtained from a 
reference double slit beside the diffusion cell, were 
found to be of good quality. 

TEST OF THE APPARATUS 

As a demonstration of the precision attainable 
with the equipment and procedure described above 


Fig, 9. Photographic plate masks for diffusion, a. Mask for 
diffusion pictures, b. Mask for reference pictures. 


0i/lu«ion Fringes 

Ref. Ref 



Fig. to. Sample diffusion interference fringe system, 
with reference picture "Ref." 

the results of a typical experiment on the diffusion 
of sucrose in water are summarized in Tables I 
and II. In the first table the refractometric data, 
tt^ether with the results for a typical diffusion 
fringe photograph are presented. In the second 
column of Table I are given the observed displace¬ 
ments, Yf, from the undeviated slit image position 
of the fringes whose numbers, j, are indicated in the 
first column. The third column contains the theo¬ 
retical* values of these displacements in normalized 
units while the last column gives the ratio, C«, of 
the observed and theoretical values. If the theory 
is valid, and if sucrose diffuses as an ideal solute, 
the values of Ct in Table I should be constant for 
each fringe and this is seen to be accurately true. 

The diffusion coefficient, D', is given by the 
relation 

D'»a«Xb)>/(4»C,*t) 

in which the wave-length, X, is 5462.2A, the (qjtical 
distance, b, is 306.45 cm, and t is the time after 
cessation of the boundary sharpening procedure. 
If each of the diffusion fringe photographs is an¬ 
alyzed as is illustrated by Table I t^ tesidts for 
the complete experiment may then be mimmiuiBed 
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Table L Data for one photofi^raph of a sucrose diffusion 
at 1.00*C. ^‘Solvent"—2.0017 g per 100 ml solution. Solution— 
2.502i g per 100 ml elution. Photograph taken 30060 seconds 
after start of diffusion. Number of mffusion fringes in pat¬ 
tern “ N«34. Displacement of Rayleigh fringes on replacing 
solution by solvent in front of upper sfit* (0.41 rfc0.01) 
X(fringe spacing) .'.jm—(N—1)4-0,41 *=33,41. Displacement 
of Rayleigh fringes through cell from reference « 5“ 0.0008 cm. 


1 

j (minima) 

2 

Yt (cm.) 

3 

e '/* (im»» 33.41) 

4 

Y//e 

0 

0.5388 

0.90402 

0.5960 

1 

0.4966 

0.83347 

0.5958 

2 

0,4624 

0.77655 

0.5954 

4 

0.4065 

0.68210 

0,5960 

6 

0.3588 

0.60240 

0.5956 

8 

0.3168 

0,53197 

0.5955 

U) 

0.2789 

0.46823 

0.5956 

12 

0.2442 

0.40978 

0.5959 

14 

0.2120 

0.35566 

0.5961 

16 

0.1819 

0.30525 

0.5959 

18 

0.1534 

0.25814 

0.5943 

20 

0.1273 

0.21401 

0.5948 

24 

0.0797 

0.13392 

0.5951 

28 

0.0382 

0.06438 

0.593 


as shown in Table II. Here the values of D' in the 
second column show a slight downward drift wuth 
time w^hich is due to the fact that the boundary 
at zero time is not infinitely sharp as required by 
the theory. Correction for this initial mixing is 
made^ by plotting D' versus 1/t to obtain a zero 
time correction, At, that amounts to 30 seconds in 
the present exj)eriment. Column 3 of Table II then 
gives the final value of the diffusion coefficient, D, 
after application of this zero time correction. The 
results indicate that the method is capable of a 
precision of 0.1 percent. 


Table II. Diffusion coefficients of sucrose in air-saturated 
water at an average concentration of 2.252i g per 100 ml of 
solution. Temperature—1.00®C, jm—33.41. 


1 

/ (dpc.) 

2 

X>' xnr emVece, 

3 

D XIO* cinVsec. 

1300 

2.384 

2.331 

1830 

2.368 

2JM) 

2490 

2.356 

2.328 

3870 

2.346 

2.328 

5790 

2.343 

2.331 

7410 

2.342 

2.333 

9450 

2.332 

2.325 

12210 

2.334 

2..W8 

15210 

2.334 

2.330 

17250 

2,335 

2.331 

19230 

2.333 

2.330 

20370 

2.334 

2.331 

24900 

2.329 

2,326 

25260 

2.332 

2.329 

28260 

2,.331 

2.328 

30060 

2..33.S 

2.331 

34230 

2.332 

2.330 

36510 

2.336 

2.334 

38730 

2.331 

2.329 

41730 

2,335 

2.333 

Mean 2.350 

Av. Dev. 0.001i=»0.07% 
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Note on the Preparation of Beta-Ray Sources 

Lawrbncb M. Lancer 
Indiana Blooniiniion, Indiana 

January 7, 1949 

I N order to measure the true momentum distribution of beta- 
particles in a nuclear spectrometer, it is important to avoid 
introducing distortion because of the preparation of the source. 
Several problems arise in connection with the preparation of a 
suitable source. Although the solution to these problems is not 
unique, it is believed that the following suggestions may be of 
interest. 

In order to minimize distortion of the spectrum because of 
scattering, it is necessary to mount the radioactive sample on 
an extremely thin backing of low atomic number material 
which is isolated at some distance from the walls oi the 
spectrometer. Since the materials usually used for making the 
thin backings (Zapon, Collodion, Formvar, etc.) are usually 
very good insulators and since the electrical capacity of the 
source is small, it is found that with strong radioactive deposits 
the source may charge to several kilovolts, with respect to the 
vacuum chamber, in a rather short time. Such a charging of the 
source may. introduce an electrostatic acceleration of the 
emitted particles which will affect the spectrum distribution at 
very low energies. It will also result in shifting the energies of 
beta-spectra end points and of internal conversion lines. 

The charging of sources may be avoided in many ways. One 
can, of course, deposit, by evaporation in vacuum, a thin 
metallic film on the backing material which is mounted on a 
grounded aluminum ring. This, however, may not always be 
convenient and the following two techniques are simple 
effective ways of keeping the source at ground potential. It is 
found that a solution of Zapon in amyl acetate can be loaded 
with colloidal graphite (**Aquadag”). Films made from such a 
sdution are much poorer insulators. Such foils, however, do 
not have the strength of normal Zapon and so must be sand¬ 
wiched between unloaded films. Another method which may be 
used satisfactorily with spectrometers employing sources of 
large area is to stretch a fine hair across the aluminum source 
supporting frame. The hair is then made conducting by 
painting with a suspension of colloidal graphite in alcohol. The 
thin layers of backing are then laid down over the hair in the 
usual way. For a source which is several millimeters wide, the 
scattering from the 0.001" hair is quite negligible. 

It is sometimes necessary to prepare the source from solu¬ 
tions which chemically attack the usual backing materials. For 
this purpose, it is found that backing films can be prepared 
from clear LC 600‘ which when dry are resistant to acids, 
alkalis, or alcohol. LC 600 films may be prepared by the usual 
technique of spreading on a surface of clear wateV.* One drop 
of one part LC 600 to four parts LC 600 thinner yields a double 
film of about 0.006 mg/cm®. Such films do not spread over as 
large an area as Zapon films, since the solvent dries much more 
rapidly. They are as a result not as uniform as Zapon films and 
therefore, when prepared by this technique, are not too suit¬ 
able for Geiger counter windows. ' 

It is found that deposits of certain chemical compositions 
tend to break thin backings, presumably by mechanical action, 
during the last stages of drying. For the preparation of such 
sources, it may be necessary to use two or more layers of 
backing in order to obtain sufficient strength. When such a 
stock of films is prepared wet, there is little tendency to trap 
air bubbles between layers. The stack should then be thor¬ 
oughly dried before laying down the sample. 


Samples laid down from soludons have, in general, a tendency 
to clump or "ball-up" while drying. As a result, such deposits 
may have local thicknesses much greater than that the 
average. It is found that such effects are almost completely 
eliminated by first treating the backing material with a thin 
layer of insulin.* A drop of Lilly insulin diluted with 20 parts of 
water is led over the backing surface with a dropper so as to 
wet the area desired for the source. The excess insulin is then 
drained off with the dropper. When a drop of radioactive solu¬ 
tion is now placed on the wetted area, it immediately spreads 
uniformly to fill the entire area. The source is then dried by 
evacuation, care being taken to avoid freezing. 

This work was supported by a grant from the Frederick 
« Gardner Cottrell fund of the Research Corporation and by the 
joint program of the ONR and AEC. 

1 LC 600 U a synthetic resin coating material manufactured by Lithgow 
Corporation. Chicago. Illinois. 

> Lawrence M. Langer and C. Sharp Cook. Rev. Sci. Inst. 19. 256 (194S). 

» V. J. Schaefer a^D. Harkcr. J. App. Phys. 13. 427 (1942). 


On the Design of a Radiofrequency 
Cockroft-Walton Accelerator 

pAin. Lorrain 

Labwaterry of Nuclear Studies, Cornell University, Ithaca, New Vork 
December 13, 1948 

I T seems that Cockroft-Walton accelerators (Fig. I which 
have been used so extensively in the range of energies be¬ 
tween a few hundred thousand and a few million electron volts, 
have always been operated at frequencies of the order of a few 
hundred cycles per second or less. However, relatively small 
Cockroft-Walton (henceforth written CW) generators, sup-, 
plying up to 200 kilovolts and operating at frequencies of t^ 
order of 10 kilocycles per second, are now commercially avail¬ 
able.^* The numerous advantages gained by using a high 
frequency have long been recognized. It was thought worth 
while to investigate- the upper frequency limit and the diffi¬ 
culties to be expected at high frequencies, so as to exploit these 
advantages to their full extent. 

Let us call / the operating frequency, C the capacity of one 
of the condensers, v the pcak-to-ground alternating voltage at 
the source S, and n the number of stages (one-half of the total 
number of condensers). Then,* for ideal rectifiers and fora load 
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current i, the average output voltage P is given by 
Y«-2»r-{«71VC)(8n*+9«»4-«), 
and the ripple voltage BV at the output is 
Mi/ifC)n(n^\). 

Practical units are used. 

Obviously, the product fC should be large. Now the most 
economical way to do this is to use as large an/as possible, and 
then to choose C accordingly. The reason for this is that the 
cost of a condenser increases much more rapidly with capacity 
than docs the cost of a source of alternating voltage with fre¬ 
quency. Other advantages of lower capacity condensers, aside 
from their lower cost, are their smaller weight and smaller 
volume. Also, for a sufficiently high frequency, the number of 
stages could be made fairly large for a given generator 
internal impedance or a given ripple voltage. This means that 
lower voltage ratings for both the condensers and the rectifiers 
would be permissible. The total number of condensers and 
rectifiers would be increased proportionately, but their total 
cost would nevertheless be considerably reduced. Finally, the 
ripple could have a very low value to facilitate accurate energy 
measurements. 

All this is particularly interesting in view of the fact that 
high voltage, low capacity television" condensers arc now 
available at very low prices. For example, a 30-kilovo1t 0.0012- 
microfarad condenser which sells for about three dollars is 
roughly one inch long and two inches in diameter.* 

The upper frequency limit is fixed by the electron transit 
time in the rectifiers. Beyond this frequency, the voltage drop 
in the rectifiers would increase, with a resultant increase in the 
internal impedance of the generator. In a two-stage model, this 
voltage drop was found to be approximately the same at sixty 
cycles per second and at radiofrequendes ranging up to 21 
megacydes per second. The internal impedance was constant 
for any given current as long as the product/C was sufficiently 
large to make the second term on the right-hand side of the 
first equation negligible. The no-load output voltages were in 
the neighborhood of 1200 volts and currents up to a few 
milliamperes were drawn. The upper frequency limit thus ap¬ 
pears to be above 2 1 megacycles per second. A rough calculation 
shows that it cannot be much higher. At the high r-f voltages 
required for an accelerator, the upper frequency limit would be 
somewhat lower than at the voltages used, but by less than one 
order of magnitude. 

With smalt condensers and at high frequencies, stray capaci¬ 
ties would be important. The stray capacity between column 
H (Fig. 1) and ground, and between the two columns, would 
have two effects. First, the r-f voltages on the condensers of 
column H would be reduced. This would lower the output 
voltage even at no load. Second, large r-f currents would flow in 
the condensers, particularly in the lower ones. These effects 
could be largely cancelled by using an r-f choke of the proper 
inductance, with a blocking condenser, in parallel with each 
rectifier (Fig. 2). However, these effecu should preferably not 
be too li^. Then / should not be much higher than a few 
megacycles and C not much smaller than 0.001 microfarad. 

The rectifier filaments are thus provided with a very con¬ 
venient source of power, for the chokes can be used as trans¬ 
formers to heat the filaments without reducing their Q value 
significantly (Fig. 2). Usually this power is supplied by storage 
batteries, or by generators run through a belt from a motor at 
ground potential, both methods being quite objectionable for 
various reasons. A two-stage model connected as in Fig. 2, with 
type 8016 rectifiers and 0.01-microfarad mica condensers 
^mated satisfactorily. Some cere has to be used, however, to 
oiierate the filament of this tube at the proper brightness, as 
suggested by the manufacturer. No attempt was made to tunc 
thenhotses so as to eganoet the efleett of the stray capacities, aa 
tbw impo^ only for high r4 voltages and small con* 


densers. The filament power can be applied independently of 
the high tension by opening the plate circuit of the diode 
nearest to ground. 

The ion source could be fed from a transformer in the same 
manner as the filaments. 

The upper limits for the voltage and for the voltage gradient 
attainable with this generator are comparable to those attained 
with the electrostatic generator. The output currents could be 
relatively high and there would be no moving parts. 



The following is a tentative design for a 500-kv generator: 
/■•S megacycles per second; C«0.0012 microfarad, 30 kv; 
t;** 15,000 volts; n««17; ripple voltage about ±50 volts for a 
load current of 1 milliampere; rectifier type 1B3 for currents up 
to 1 milliampere, or type 8013A for higher currents; total cost 
of condensers and rectifiers, three hundred dollars with the 
1B3 and four hundred and seventy dollars with the 8013A (list 
prices). This is less than for a low frequency design by a factor 
of about 10. The whole accelerator should be submerged in oil 
or pressurized (this would require special rectifier tubes de¬ 
signed to withstand the pressure) to reduce the length of the 
accelerating tube and to facilitate shielding the r-f and other 
stray radiations. 

* J. D. Cockroft and K. T. S, Walton. Proc. Roy. Soc. 1S6A, 619 (1932). 

* A. Bouwers and A. Kuntke, 2^1ts. f. Ucb. Phyatk IS. 209 (1937). 

* Beta Electronics Company, 1762 Third Avenue. New York 29, New 
York. 

*G. J. Siexen and F. Kerkhof, Proc. I.R.E. 36, 401 (1948). 

* Jeffers Electronics. Inc., Dubois, Pennsylvania. 


Rejuvenation of Geiger-Mueller Tubes* 

L, Shepard 

Department of Physics and Laboratory for Nuclear Science and Enfineerini, 
Massachusetts Institute of Technohty, Cambridge, Massachusetts 
January 3, 1949 

I T is well known* that Geiger-Mueller tubes filled with a 
self-quenching mixture of argon and ethanol deteriorate 
with use, and that refilling the tubes with new gas, though it 
may improve the operation somewhat, does not restore the 
original counting c^racteristtes. We wish to report that a 
simple treatment has been found which, in conjunction with 
replacing the gas, restores the tube to its original state. This 
treatment consists of heating the center wire to a dull red by an 
electric current for about ten minutes while the tube is 
evacuated, preparatory to filling with new gas. 

The tubes for which this treatment has b^ used are made 
from a one-inch diameter brass cylinder with a 0.005-inch 
tungsten central electrode, which is supported at each end by 
a Kovar glass seal* The assembly is such that an electrical con- 
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nection can be made at each end of the central wire. In one 
group of 52 tubes ranging in length from ten inches to thirty 
inch^, the plateaus extended from 900 volts to 1150 volts for 
each tube. After some months of use during which time about 
10* counts occurred in each tube, the thresholds had risen to 
1000 volts and the plateaus terminated at about 1050 volts. 
Merely changing the gas brought the thresholds back to 900 
volts but the plateaus still extended only to 1050 volts. When 
the tubes were again evacuated and reftlled after the center 
wire had been heated, the plateaus were the same as when the 
tubes were first made. Of the 52 tubes so treated, the original 
characteristics were not restored in only three tubes. 

The heating current of about 0.5 ampere is supplied from a 
Variac, which is adjusted until the wire, as observed through 
one of the end seals, is visibly red. 

* Assisted by the joint program of the ONR and the AEC. 

J Sec. for instance, S. C. Brown, Nucieonics 2, 10 (J94S). 


A Thyratron Square Wave Generator 

Lbonaed Reiffbl* 

Department of Electrical EMtneerini, Illinois Institute of Technology, 
Chicago, Illinois 
November 10, 194S 

T he purpose of this note is to describe a simple versatile 
circuit foV generating square wave pulses of large ampli* 
tude via a gas filled triode. Under special operating conditions, 
a thyratron may be used as a trigger tube for the production of 
approximately square voltage pulses, in discontinuous or con¬ 
tinuous wave trains, with widely variable amplitude and sym¬ 
metry characteristics. If a thyratron with plate supply voltage 
JS» and a load resistance Ri is fired at a time /i, the voltage 
across the tube will fall rapidly from to Ea, the arc drop; 
thus a voltage step of amplitude (Ew—Eo) will appear across 
the tube. If at a time the thyratron could be made to 
deionize, the voltage across the tube would rise from Eo to £». 
This sequence of events would thus produce an approximately 
square pulse of amplitude (£»~Eo) and duration It 

is evident that if the thyratron were ionized (and deionized) N 
times per second, a square wave of frequency N would appear 
across the tube. 

The mechanism for firing the thyratron offers no difficulty 
since the mere application of a grid over-voltage will serve to 
ionize the tube. However, deionization ordinarily can only be 
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thickness can be made as great as desired by raising the grid 
potential and/or decreasing the plate arc current. ‘ If the cur¬ 
rent in the plate circuit of the thyratron (in which the arc is 
formed) is limited to a very low value by use of a large plate 
resistor and the grid is driven sufficiently negative, it is per¬ 
fectly possible to get a positive ton sheath to extend across the 
entire discharge region m the tube. This ion sheath effectively 
cuts the arc in two and causes the plate current to go to zero 
(i.e., extinguishes the arc).* 

The circuit of Fig. I with thyratron Ti operating under the 
special conditions above, becomes, in essence, a square wave 
generator. Positive and negative pulses must be supplied at 
terminals 1~2 so as to alternately fire and extinguish Ti and 
thus produce approximately square pulses across terminals 3-4. 

If the squareness of the pulses to be generated at terminals 
3-4 is not too critical, the grid (terminals 1-2) may be driven 
from an ordinary sine wave generator such as is found in most 
electronics laboratories. The circuit of Fig. 1, with the com¬ 
ponents listed, produces square waves suitable for many appli¬ 
cations across terminals 3-4 at the sine wave oscillator fre¬ 
quency from 10 to about 5000 cycles per second and amplitude 
250 volts. It is to be noted that the output impedance of such a 
circuit will be very high since the high resistance Ri prevents 
appreciable current flow through a load impedance coupled to 
the generator at terminals 3-4. High impedance output is, of 
course, undesirable if any amount of power is required by the 
load across terminals 3-4, and a more versatile circuit is shown 
in Fig* 2. 

It has been found that a relaxation oscillator is ideally suited 
to provide the alternating grid voltage necessary for driving 



Fig. l. Thyratron square wave generator. 


commenced by opening the plate circuit or by driving the plate 
current to zero by applying an inverse voltage across the tube. 
It is evident that neither Of these possibilities is well suited to 
the production of square waves m the manner outlined. 

Under normal operating conditions attempts to interrupt the 
plate circuit arc by driving the grid negative are unsuccessful. 
This is true because once the plate arc has been formed, the 
grid structure is immersed in a plasma which effectively shields 
the pUte circuit from voltage variations of the grid. Any 
variations in grid voltage serve merely to change the thickness 
of an km sheatii which forms around the grid. Thm ion sh^th 
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Fig, 4. Thyratroti square wave generator. 


the grid of the main thyratron r». The thyratron 7’< is arranged 
in such a variable frequency relaxation oscillator. The period of 
oscillation P of the relaxation oscillator is controlled by varying 
the magnitude of Hi and/or Ci, Thus Ci is used as a frequency 
range selector and Ri is used as a frequency vernier. Since this 
type of relaxation oscillator produces sawtooth wave forms, the 
mere addition of a variable grid bias on the main thyratron Tt 
permits control of the symmetry of the final square wave out¬ 
put, as indicated in Fig. 3, 

Figure 3a shows the sawtooth output of the relaxation oscil¬ 
lator; Fig. 3b shows the total grid voltage applied to the main 
thyratron T% (sawtooth plus bias) and Fig, 3c shows the re¬ 
sulting square wave which appears across thyratron Tt* It is 
evident from the figure that the further the sawtooth is dropped 
below the level Et of Fig. 3b, the more asymmetric the re¬ 
sulting square wave will be. Obviously, the upper limit to this 
procedure is the point at which the peak of the sawtooth falls 
at the level Ei, since any further increase in bias will prevent 
the tube Tt from firing entirely. Also, since Ec must be large 
enough to extinguish the arc, there is a lower limit on the 
variation of 

An obvious alternative method of symmetry control con¬ 
sists in varying the amplitude of the sawtooth wave form while 
maintaining a constant grid bias on The amplitude of the 
sawtooth may be conveniently controlled by the potentiometer 
at the output of the relaxation oscillator. 

To accomplish the very desirable reduction of output 
impedance and increase of power output mentioned earlier, the 
square wave output of thyratron Tt is coupled to a low mu, 
high power output triode. 

It should be mentioned that the coupling networks between 
the relaxation oscillator and thyratron T* and between thyra¬ 
tron Tt and the amplifier consist of 1.0-microfarad condensers 
(Cf and C» of Fig. 2) and 1.0-megohm resistors (Rt and Ri of 
Fig. 2), TWb combination yields a time constant of 1.0 second 
which permits the passage of 20-cycle per second square waves 
with little or no distortion. 

In addition to the distortion in square waves introduced by 
stray circuit parameters, the thyratron square wave generator 
produces variations from the ideal output via “ionization time 
distortion'^ and “deionization time distortion." The curve of 
plate voltage seffw time for a thyratron upon the application 
of a grid overA^oltage represents the best possible “rise curve” 
of the output square wave, and has been found experimentally 
by A. E. Harrison* and others to be of the form shown in Fig. 4. 

The time lag portion of the ionization time, about 1 micro- 
Mcond long, produces no square wave distortion, but merely a 
•light atynunetry in the final output. However, the breakdown 
portion of the ionization time represents the minimum 
His* the output equare wa^, about 0.2 microeecond for 
Althotti^ the figure of 0.2 tnkroMcond 


applies only to the circuit of Fig. 1 with no load, the rise time 
of the circuit of Fig. 4 with its additional capacitive loading is 
adequate for most applications. 

The deionization time of the thyratron represents the mini¬ 
mum decay time of the output square wave. Ordinarily the 
deionization time in a type S84 thyratron ranges from 10 to 
1000 microseconds. However, there are two factors contributing 
to a substantial reduction in the recovery or deionization time 
of the gas. Both the very low arc current being used, and the 
fact that the grid is driven considerably negative as deioniza¬ 
tion commences, lead to a much shorter recovery time (about 5 
microseconds). 

It is possible, by employing hydrogen-filled tubes,* that the 
rise and decay times of square waves produced by thyratron 
square wave generators can be considerably reduced. The 
deionization time limits the frequency at which good square 
waves can be produced to approximately 12,000 cycles per 
second for argon-filled tubes. Here again, hydrogen-filled 
thyratron8 hold a promise of extending this upper frequency 
limit to perhaps 40 kilocycles per second. 

It is evident from the theory of the basic square wave 
generator circuit of Fig. 1 that the only limit on the amplitude 
of the sfjuare waves produced is the maximum plate voltage 
that the thyratron can withstand. Thus, with the proper tube,* 
square waves of 1000-volts in amplitude are easily produced 
by the basic circuit. 

• Now at Inatltuie tor Nuclear Studies, University of Chicago, Chicago, 
Illinois. 

‘ MUIman and S. Seely, Electronics (McGraw-Hill Book Company. 
Inc., New Vork, 1941), p. 319. 

’The negative grid voltage required to extinguish the arc varied from 
tube to tu^, however, a 25-volt pulse was usually found to be sufficient 
for type S84 and 885 tubes. A similar method has been used to quench 
tubes m some counting circuits described in the literature and in a transient 
visualiser described by Reich. 

• A, E. Harrison. Trans. A.I.E.E. 59, 747ff. (1940). 

*H. Heina, Electronics 19, 92-102 (July 1946). 

• The tube gwmetry is of great importance because of the mechanism 
utilized for extinguishing the arc. No investigation has been made with 
high voltage commercial tubes. 


A New Principle in Controlled Vacuum Leaks 

C. H. Bachman 

Syracuse University, Syracuse, New York 
December 20, 1948 

M eans for admitting small quantities of gas to a vacuum 
system (controlled leaks) have depended upon con¬ 
strictions for their operation. Typical examples are finely 
drawn glass capillaries, flattened copper tubing, the porosity of 
unglazed porcelain, and needle valves of various designs.^ 
These all have two basic weaknesses. They are not easily 
adaptable to be varied over wide values of leak rate, and they 
are subject to fluctuations in leak rate as particles of dust are 
drawn into the constrictions. 

In an attempt to develop a means of moving strip film into 
and out of a vacuum chamber between two rubber rollers, it 
was found that removal was easily accomplished but insertion 
of the film was always accompanied by some air, apparently 
carried in on the surfaces of the rollers. This has led to the 
application of a completely different principle for the operation 
of controlled leaks which obviates both of the basic weaknesses 
indicated above in connection with constriction or capillary 
type leaks. 

Instead of introducing gas at a slow steady rate through a 
constriction, it is introduced in short bursts or pulses through 
a comparatively large opening. The amount gas in each 
pulse as well as the pulse frequency is controlled. With such an 
arrangement dust particles can have no effect and the leak rate 
can be adjusted through great ranges. 

Two types of pulsed leaks are b^ng investi^ted currentiyi 
These two types are indicated in Figs. 1 and 2. Each has certain 
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advantages and disadvantages which make its use preferable 
for certain applications. 

In Fig. 1 is shown an arrangement consisting of a metal shaft 
having pits drilled or bored into its surface as indicated. The 
pick-up tube leading to the vacuum system is inserted into the 
rubber collar which is shaped to ht the rotating shaft. The 
collar is held against the shaft with sufficient pressure to give 
a good vacuum seal between pits. Lubrication with vacuum oil 
or grease is essential. As the shaft is rotated each pit delivers 
its volume of gas to the evacuated pick-up tube and moves on 
to be recharged. 

The capacity of this leak is governed primarily by the volume 
of the pits and the pit or pulse frequency. The bore of the pick¬ 
up tube is dehnitely out of the class of capillaries, being i in. or 
burger. The pulse frequency is limited by the geometry of the 
pick-up tube and pit diameters, and by the relative linear 
speed of the two members. At linear speeds much greater than 
about 1 foot per second, lubrication and heating problems 
develop. 

Using a variable speed drive the leak rate may easily be ad¬ 
justed over a 100 to 1 range. The vacuum attained, of course, 
will depend upon the pump speed and the pit volumes for any 
given pulse frequency. For extremely slow leak rate a smooth 




shaft may be used in place of a pitted shaft. Arrangements are 
easily made to interchange shafts to provide different leak rate 
ranges. 

This type of leak has the great advantage that its^^apadty or 
leak rate can be predicted from a knowledge of the pit dimen¬ 
sions and operating speed (pulse frequency). When used in this 
type of application care must be us^ that the pit volume not 
be reduced during operation by accumulated oil from the 
lubricated running surface. 

Using the displacement of a Hg pellet in a capillary tube as a 
means of checking the flow rate, repeated measurements on a 
rotary pulsed leak showed the actual leak rate to check the 
calculated rate to within a few percent. These measurements 
were made at pressures below one mm Hg. 

One disadvantage possessed by the rotary leak for some 
applications is the preface of vapor from the lubricating oil. 
The arrangement of Fig. 2 eliminates this difficulty.. The line 
drawing depicts a rather simplified version of a cam-operated 
valve. As the cam rotates the rubber cap opens and doses the 
opening to the pidc-up tube. 



This leak, although operating on the pulsed leak principle, 
differs from the rotary leak in that for normal cam speeds the 
leak rate does not depend directly upon rotational sp^. For a 
given pick-up tube size, the relative open and dosed times de¬ 
termine the rate and this is set by the position of the cam. The 
cam should be adjustable along the line shown by the double¬ 
headed arrow. In one extreme the valve will ride open during 
the complete rotation. In the other extreme it will remain 
dosed. Intermediate positions give ^^open to closed ratios'* be¬ 
tween these extremel. The pulsed valve leak, although 
eliminating the oil vapor, does not lend itself to precalculated 
design as does the rotary pulsed leak. 

Such a pulsed leak, provided with a screw adjustment of cam 
position^ easily controlled the pressure from atmospheric down 
to 10^^ mm Hg. The pumping system consisted of a Welch 
Duo-Seal No. 1400 mechanical pump, and at the lower pres¬ 
sures a D.P.l. two-stage glass oil diffusion pump was in opera¬ 
tion. Pressures were read with Hg manometer, thermocouple 
gauge, and ionization gauge, each in its range. 

Either the rotary or the valve type leak lends itself nicely to 
applications where a desired vacuum value is held by balancing 
the leak rate against the pumping speed. The resuiU are even 
more striking, however, when the pulsing leak is turned on and 
off by a vacuum switch such as the SMCI* monitor, or the type 
recently described.* Although these switches may be used 
directly with solenoid valves, the use of the proper pulsed leak 
gives extremely accurate control and eliminates overshooting 
and relay chattering. 

Many variations of the two basic types o( pulsed leak 
described here are possible and a large number have been tried 
successfully, including the use of solenoid mechanisms instead 
of motor drives. Both types may be adapted to introduce gas of 
desired amtent. Investigations now under way are concerned 
with the operating characteristics of some o( the better designs, 
and the accuracy with which the leak rate of the rotary pulsed 
leak can be precalculated. 

Although the work to date has been in connection wt^ 
vacuum systems, the pulsed leak principle should be useful in 
any application where it is desired to have control over the 
transfer of gas from a high pressure region to one at lower 
pressure. 


1C. H. Bschmaa, Tichniqm$ in Bsp^rimstunl Bktiranict (Jobn WUey and 
Sons, loc., New York. IM). 

*Siaamulm MaaulactuHnc Company, lac.. 122 Dickeraon Street, 
Syracuse ^ New York* 

* C. H. Bachntan. Instruments 22, 32-36 Oanuary 1949). 


An Abioiptlon C«U and Loader for Use 
in Microanalyiis by Infra-Red 
^[tectroaeopy* 

BBVMOua H. WoixiUM"^ 

Sh 0 n Ktikrini IntOtttkM Cdnc$r Mstitnk, New Fork, Nns York 
X>ccember 6,1946 

I T has become reeqgnhfied that certain euhstaiiGea ef grpt 
biological activity occur hi amatt quantities in Uv^| orggtt-^ 

iaim. Bcceine ^ tite nneB 
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obtain a sufficient amount to give quantitative and qualitative 
analyses. Any tool which would allow analysis of small quanti¬ 
ties of chemicals should be a very useful tool in biological re¬ 
search and medicine. In recent years infra-red spectroscopy has 
proved useful as an analytical tool. This paper presents a 
simple modification of a commercially available automatic 
recording infra-red spectrometer* which makes it possible to 
reduce the quantity of material required for analysis by a 
factor of ten to thirty or more. 

In the spectrometer, radiation from a glow bar is focused on 
the entrance slit of the spectrograph by a mirror (aperture ap¬ 
proximately /:4.5). The sample cell is held in the convergent 
beam of radiation 2 cm in front of the entrance slit. At this 
distance the beam has a width of 7 mm. 

Since, according to Beer's law, the percent of radiation 
transmitted through a sample depends only on the number of 
the particular absorbing molecules per square cm, i.e, on the 
concentration of molecules times the cell thickness, it is p(^- 
sible to reduce the area of the absorbing cell and thereby its 
volume, and hence the number of molecules required without 
changing the absorption spectrum. It is possible to reduce the 
cell size without reducing the amount of radiation transmitted 
simply by placing the absorption cell very close to the entrance 
slit, in as narrow as possible a part of the convergent beam of 
radiation. 

In the following paragraphs a narrow absorption celt and a 
new cell holder, which holds the absorption cell close to the 
entrance slit, will be described. A cell loader to take care of 
difficulties in the handling of small amounts of solution will 
also be described. 

Absorption ceil: A diagram showing construction of the ab¬ 
sorption cell is given in Fig. 1. The al^rption cell consists of a 



brass spacer mounted on a stainless steel platform which fits on 
and slides over a track to the window of the cell holder. The 
cell is mounted with 2 mm of the entrance slit, and since the 
convergence of the beam Is about/; 4.5, theminimum allowable 
width for the absorption cell is about 0.7 mm. A slot in the 
spacer determines the height and the width of the cell, while 
the spacer thickness determines the thickness of the absorption 
path. The absorption cell which is 1 mm thick has a height of 
12 mm and a width of one mm (volume about 12 mm•).♦** 
The slot in the spacer is covered with one-mm thick salt plates 
cemented in position with an adhesive which is insoluble in 
CSfl (National Starch Products, Inc. Adhesive No. 2654) and 
resistant to acetone (used as a cell cleaner). At first the salt 
crystals used as windows were cut the width of the spacer. 
These were found to be unsatisfactory for the small cells since 
it did not seem to be possible to make the volume available to 
solution between spacer face and salt plate small enough. This 
space was present because of the small lack of planarity of the 
salt windows. It was difficult to fill the space with an inert 
material without having the material flow into the path of the 
beam of radiation. A satisfactory solution lay in cutting the 
salt plates to overlap the space beyond th^ slot by no more 
than one mm, and in clamping them in position before paindng 



Fiu. J, Absorption cel) loader. 


the edges with adhesive. The top of the spacer is covered with 
a brass block with a one-mm diameter filling hole. This hole 
can be stoppered by covering it with lead foil and universal 
wax during absorption measurements. It is vital that the seal 
be airtight since CSt is volatile, and losses of solvent due to 
evaporation will be a considerable percent of the total solvent 
volume if care is not taken. If this happens, the absorption 
curve will be distorted. 

Cell holder: Construction of the new cell holder is shown in 
Fig. 2. It is installed very simply. The spectrometer cover has a 
window in front of the entrance slit. This window is mounted 
in a slip ring and can be easily removed and replaced by the cell 
holder (provided that a baffle is removed from in front of the 
entrance slit). The cell holder has a small rectangular hole in 
its end into which a thin rectangular salt crystal window is 
cemented with Glyptal. The end of the cell holder just misses 
touching the adjustment screws in the jaws of tl^ slit. An 
adjustable stainless steel track is installed in the cell holder so 
that the absorption cell can be accurately lined up in front of 
the slit. With such a narrow cell this lining up must be done 
each time the spectrometer cover is removed and replaced. The 
thick is dovetailed in section so that the absorption cell cannot 
be brushed off accidentally. A notch in the face of the cell 
holder Is provided so that the cel! holder can be rotated on its 
axis until the cell is parallel to the slit; the holder must then be 
fastened in position by a screw which fits into a hold drilled 
into tlw i^Eiectrometer cover. 
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The small volume of a volatile solvent used in the 1-mm cell 
may be considered an objectional feature; of course it is 
possible partially to avoid this diifhculty by making the celt 
thicker, increasing the volume of solvent, and reducing the 
concentration of absorber proportionately. However, with in¬ 
creasing cel! thickness two difficulties arise; (a) the solvent 
itself begins to absorb with consequent difficulties in the detec¬ 
tion and analysis of absorber spectrum; (b) the solute mole¬ 
cules are not used as efficiently. 

Cell loader: To make it easy to handle small quantities of 
solutions a cell loader was developed (Fig. 3). It consists of 
a }-cc tuberculin syringe modified by fitting on a capillary 
pipette to the end. The syringe is fitted with a screw control - 
for fluid delivery, and is mounted on an old microscope base, 
the stage of which is ipodified to mount controls to hold and 
manipulate the absorption cell into position, relative to the 
pipette. In dealing with small quantities of solution all the 
solution must be in the pipette and none in the syringe chamber 
in contact with the plunger. If the plunger is wet, by the solu¬ 
tion there may be significant malerial tosses. 


Flo. 4. Sample holder. 



If the top of the pipette is centered in the cell, the delivered 
solution will not flow to the bottom of the cell, but instead will 
rise up between the absorption cell and the pipette, overflow, 
and be lost. In order to fill the cell the pipette tip must be 
placed in contact with the side of the absorption chamber near 
the top, and the solution must be poured down the side of the 
chaml^r. There does not seem to be any corresponding diffi¬ 
culty in recovering the sample. The pipette tip is introduced 
into the top of the chamber and solution is withdrawn as the 
pipette is moved to the bottom. 

Since the quantities of material, both solute and solvent, are 
small, unknowns can be stored in small tubes made from small 
bore glass tubing. A simple tube holder has been made, as 
shown in Fig* 4, which allows mounting the tubes on the track 
of the loader stage for convenience in dissolving samples and 
loading them into the capillary pipette. 

I want to thank Dr. K. Dobriner for pointing out the need 
for these gadgets, and Mr, A, Schreiner for valuable design 
suggestioxxs. 


. * PrMsnted at the Spectroscopy Symposium at Ohio State Unlveraity, 
June, 1^7. 

** At nrettent at the National Caneer Institute, Betbet4a 14, Maryland. 
^ Petkm-Ehner infra-red spectrometer model 12A. 
tea Fof last soUible materials a larger oell with three, mm spacer thfatneii 
(votume ahmtt 40 mm*) has been deeifned. It has a.elot mh trapesoMaf 
mm aectkm because of the coaverilnff beam of radiatfam. 


Octane Vapor Proportional Counter 

T. P. Pbppkr 

DivisioH of Atomic Enerty Research, Notional Research Council of 
Canada, Chalk Riper, Ontario 
January 14, 1949 

C HEMICALLY pure n-octane vapor at room temperature 
has been used in a proportional counter for the study of 
the relative vields of the concurrent nuclear reactions: 
D(d, p)T, and D(d, n)He». 

The 3-Mev protons, l*Mev tritons, and 0.8-Mev He* par¬ 
ticles so produced penetrated a thin Formvar counter window 
and emerged into the counter in a cone of semi-angle 20®. The 
thinner the window the easier were the detection and resolution 
of the ionization pulses from the three groups of charged 
particles. An octane-filled counter behaved as expected by 
giving a pulse distribution similar to that of a methane-filled 
counter at roughly six times the pressure. A representative 
pulse distribution as recorded on a 30-channe] pulse analyzer 
is given in Fig. 1. The He* peak could be narrowed to resemble 
the T peak of Fig. 1 simply by reducing the counter stopping- 
power and allowing the He* particles to dissipate most of their 
energy in the far wall of the counter. 

This preliminary success suggests using the saturated vapor 
of organic compounds of large molecular stopping-power for 
filling proportional counters. Two useful properties peculiar to 
such counter fillings are the following: 

1. They present molecular stopping power at least equal to 
the heaviest gases normally used (c.g. Xe), a large fraction of 
which 4) is due to the hydrogen constituent. This aids ex¬ 
periments requiring low pressure fillings containing one or 
other of the hydrogen isotopes. Such, for example, is the de¬ 
tection of the reaction D(r, an experiment recently 

performed using the 1-Mev tritons from the reaction D(d, p)T 
mentioned above. 

2. The pressure, hence stopping-power, of the counter filling 
is a function of the temperature alone. A liquid reservoir 
attached to the counter can be thermostatically controlled, 
thus enabling the counter pressure to be held constant or 
altered as desired without resort to opening or closing any part 
of the system to permit the flow of gas. (To avoid condensation 



rauc nmvan oHAtmti. 


Fig. ). T sa4 K4* peaks fram the ntielesr resetions T>idt f)T and 
pCfl, ii)He* preseated on » dO-chnnnel pnUw nulysw* PippoedoiMMi coualer 
ntlin«; n-octane vapor at totm temparauua Couatdr wMew! 

Farmw 0.1^ mg per dn*, ^ 
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Table 1. 


Organic compound 

Molecular 

weight 

Vapor pressure in 
mm Hg at 20°C 

butyiethyJene 

S4 

138.8 

2.2'dimethyl pentane 

100 

S4 

2,2,4-trlmethylpetttatie 

100 

38.7 

heptane 

100 

35.5 

»-octane 

114 

10.45 

2,5-dimctliylhexane 

114 

38.5 


within the counter the reservoir must be kept cooler than the 
counter.) Pressure determined by temperature alone permits 
some leakage of the counter filling, thus permitting the use of 
normally unacceptably thin, porous windows between the 


counter and evacuated source of charged particles. Flow of 
vapor through the window keeps purer the filling of the 
counter, thus lengthening its life. 

The work of Fanner and Brown* on the life of methane-Hlled 
Geiger counters suggests that proF>ortionaI counters hlled with 
selected vapors would be ksng-lived. Other important prop¬ 
erties, e.g., electron attachment and d^ee of dissociation of 
molecular ions, must be investigated for the individual vapor 
used. Table I presents selected organic compounds of large 
molecular stopping-power and vapor pressures of a few cm Hg 
at room temperature whose vapor may, therefore, be suitable 
for filling proportional counters. 

» E. C. Farmer and S. C. Brown, Phys. Rev. 74. 902 (1948). 
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Forest K. Harris: Associate Editor 
in Cherge of this Section 

National Bureau of Standards, Washington, D. C. 

Silicone Rubber The chemical steps in¬ 

volved in the production of 
G.E. silicone rubber may be briefly outIine<i as follows. Ele¬ 
mentary silicon, prepared by the reduction of silica sand with 
carbon, is reacted directly with methyl chloride in the presence 
of a copper catalyst. Dime thy Idichlorosilane is then obtained 
by fractional distillation of the resulting mixed methylchloro- 
silanes. This product is treated with water, which replaces 
the chlorine atoms with hydroxyl groups. These, in turn, react 
with each other to form the methyl silicone polymer. The 
addition of the methyl organic group imparts flexibility, 
plasticity, and even fluidity to what ^ould otherwise be a 
purely inorganic silicon oxide. The properties of the silicone 
polymer are determined by the organic group and its size in 
relation to the silicon-oxygen framework. The polymerized 
silicone has great chain length and high molecular weight 
and possesses elastic properties. When it is milled with fillers 
and curing agents it can be cross-linked (vulcanized) to form 
a synthetic rubber-like substance. 

The compounded and cured elastomer has the same char¬ 
acteristic of exceptional thermal stability as other silicone 
products. G.E. silicone rubber can be continuously exposed 
to temperatures of 300 to 32S®F, and for short periods up to 
S20®F without decomposing or becoming brittle or tacky. It 
contains no plasticizing or other components which tend to 
evaporate under high temperature or vacuum. Room tempera¬ 
ture flexibility is retained down to — 70®F. It has been used 
successfully in contact with many lubricants and industrial 
chemicals and is highly resistant to oxidation, ozone, corona, 
ultraviolet radiation, and fungus growths. Over its entire 
temperature range it is a good insulator, its electrical proper¬ 
ties remaining unchanged even after prolonged exposure to 
high temperature. Its resiliency is comparable to that of 
natural rubber at room temperature. The tendency to recover 
its original rize and shape after deformation is a necessary 
characteristic in many gasket applications and is retained even 
after long exposure to high temperature. Heat does not make 
it tacky or adhesive. When used in gaskets, sealing ring^, and 
the Uka, it can be removed easily from meul surfaces without 
tearing. High speed shaft seals do not tend to grab or tear. 
However, it has good adhesive properties when cured on glass, 
ceramics, or steel, and it may h© reinforced with glass cloth 
o^ iudmstDs where high strength is essential. 

1(4^ of the non-adhesive characteristics of the cured 
a high tmnpemture adhesive G*E. No, 12509 


has been developed for bonding the cured compound to 
metals, glass, or to itself. Possessing high thermal stability, 
the adhesive combines chemically with the silicone rubber 
to form a continuous phase with no distinguishable glue line. 
It may be used for laminating layers of sheet stock, for butt¬ 
joining flat stock and gaskets, and for incorporating metal 
inserts in silicone rubber molded parts. 

G.E. silicone rubber may be extruded or compression molded 
(using a pressure of 100-200 p.s.i.). It is also available in flat 
stock ip 14''X14'' sheets with thicknesses ranging from 
to 1", and as a coated glass cloth in widths up to 36". 

The above material was abstracted from a General Electric 
booklet entitled Silicone Rubber ,— Plastics Department, 
General Electric Company, PiUsfield, Massachusetts. 


Plastic for Film Velon plastics are modified 

or Fabric copolymers of the pol 3 rvinyl 

and vinylidene series. They 
are combined with plasticizers and stabilizers and other com¬ 
patible synthetics to secure abrasion resistance, toughness, 
high tensile strength, tear resistance, and control of elasticity. 
Velon is produced in three major forms; as a film, as a heavier 
gauge sheeting, and as a filament. The film is non-flammable 
(does not support flame), is resistant to staining, and may be 
cleaned with a damp cloth and soapy water. It is product in 
thicknesses from 0.004 inch up, and in addition to its extensive 
applications in yard goods is used for making waterproof 
covers, liners, bags, etc. The sheeting, embossed with a grain 
design or polished as a patent leather, may replace leather in 
many applications. It has advantages in being scuff-resistant, 
non-absorbent, and easily cleaned. Its abrasion resistance is 
several times that of leather, and it is capable of withstanding 
considerable stress, either continuously or intermittently ap¬ 
plied. It is also fungus, mold, and mildew proof. In addition 
to uses in luggage and upholstery, it has special applications 
as protective fronts for coats and aprons In chemical and 
allied industries. 

Vdon filaments, woven in a convendonal mesh, make a 
screening which is superior to metal cloth. It is weatherproof 
even under severe salt air conditions, can easily be cleaned, 
and has many times the impact strength and resilience of 
metal cloth. For textile applications it has been produced both 
as* a monofilament and as a multifilament yarn. The mono¬ 
filament is made from a resin composed principally of 
vinylidene chloride with a small portion of Vinylchloride. The 
resin is melted and extruded through orifices in a die. The 
emerging hot monofilament is plunged into water and then 
stretched to four times its original length. This treatment 
orients the structure and increases the tensile strength of the 
filament by 10 times.— Firestone Plastics Compakv, Akstm, 
Okk. 
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High Strength Varnish Hanel WI2 C is an in- 

ternal-curing; insulating var¬ 
nish developed particularly for the impr^atdng of wound 
structures which require very high mechanical bonding 
strength. It is finding application for the treatment of wind¬ 
ings operating at high peripheral speeds and for those subject 
to high mechanical stress. It is fast curing and the cured film 
is oil proof, has good chemical and moisture resistance, and 
excellent resistance to decomposition under high temperature 
operating conditions. Full information and test samples may 
be obtained from the manufacturer.—! rvington Varnish 
AND Insulator Company, Irvington IJ, New Jersey, 

Mdtftl Stripper Enthonc Metal Stripper has 

been developed for chemically 
dissolving nickel and other metal coatings from steel without 
attacking the base metal. It is alkaline in nature, requires no 
electric current, and can be contained in a steel tank. The 
parts to be stripped are immersed in a solution of the stripper 
salts, at a temperature between 160 and ISO^F. Stripping 
speed varies from 0.0002" to 0.001" per hour depending on 
concentration and operating temperature. The base steel is 
not etched nor attacked in any way, but is left in the same 
condition as it was prior to plating. In most cases the work 
can be replated after an acid dtp. In addition to nickel, the 
stripper is effective in removing copper, silver, cadmium, and 
zinc plate from steel. It is not suitable for removing nickel 
coatings from zinc-base die castings or copper alloys,— 
Enthone, Inc., 442 Elm Street^ New Haven, Connecticut, 

Graded-Glass Seals Technological advances in 

the art of processing various 
glasses have made possible h mechanical procedure for making 
graded seals from fused quartz to soft glass. Substitution of a 
mechanized process for the previous highly skilled handcraft 
has made price reductions of the order of 40 percent possible. 
The present process is applicable to the fabrication of graded 
seals up to two inches in diameter.— Hanovia Chemical 
AND Manufacturing Company, Newark 5, New Jersey. 


New Instruments 


W. A. WUdhack: AMOdate Editor 
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These descriptums are based on information supplied by the moHu/acturtr 
and in some cases from independent sources. The Review aijumr; re- 
sponsibUiiy for their correctness. 

Microwave The Central Research Lab- 

Dielectrometer oratories microwave *el«- 

trometer is now available for 
measuring the dielectric constant and loss of a wide variety 
of materials at nominal frequencies of 1000, 3000, and 9000 
megacycles. The instrument consists of a slotted wave guide, 
precision traveling probe, modulated klystron osdllatora, 
probe output amplifier, associated power supplies, and equip¬ 
ment. The sample to be measured is inserted ahead of a short- 
circuiting plug, and the effect of this arrangement on the 
standing-wave pattern in the guide provides data for calcu¬ 
lating the dielectric constant and loss of the material. 

At 1000 and 3000 megacycles, the wave guide is used as a 
coaxial line operating in the TEM mode, and at 9000 mega¬ 
cycles, either as a circular pipe operating in the TE%i mode or 
as a coaxial line operating in the TEia mode. SoUds are meat- 
ured directly tn the wave guide in the form of dylindHca! 
samples 1 inch in diameter and about 1 to 2 inch^ long With 


a l-inch hole coaxial with the outer surface except when the 
guide is operated as a circular pipe at 9000 megacycles. Auxili¬ 
ary sample holders can be used for measuring liquid samples 
and also for measurements at controlled high and low tem¬ 
peratures. The range of measurement of dielectric constant 
extends from 1 to 100; of dissipation factor from 0.0001 to 
1.0. With ordinary care in sample preparation, an accuracy 
of 1 to 2 percent can be achieved for most materials. 

To insure dimensional stability, ruggedness, and precise 
alignment, the waA^ guide is machined out of a solid 2-inch 
diameter copper bar and mounted on a substantial heat- 
treated Meehanite support which also carries the necessary 
mechanical assemblies. The crystal-detector probe is mounted 
on a precision ball-bearing carriage permitting longitudinal 
^motion along the center line of the wave-guide slot. A spring- 
loaded, backlash-free, drive mechanism allows setting and 
reading probe position to 1 micron (0.001 millimeter). The 
maximum error in measuring displacements of 1(X) millimeters 
is approximately 30 microns. 

The detector-output indicator is a selective amplifier tuned 
to the repetition frequency of the square-wave klystron- 
modulating voltage together with a logarithmic step attenu¬ 
ator and a linear out{>ut meter. An auxiliary overload meter 
with a nearly logarithmic range of 60 db is provided as an 
aid in tuning. 

Routine maintenance is facilitated by built-in test features 
for measuring all critical circuit voltages and currents. Neces¬ 
sary adjustments are made by convenient screw-driver 
controls. 



A line-voltage stabilizer and electronically-regulated power 
supplies provide optimum operating conditions in spite of 
line voltage fluctuations. Power consumption is 500 watts at 
115 volts, 60 cyd^.— -Central Research Laboratoribs, 
Inc., Red Wing, Umnesota, 


i ne moaei zuun cnatn 


Wide Band Chain 

Amplifier rU!? 

' amplifier with a band width 

o( 200 tuegacyclea and a gtun of 10 db per stage. With a useful 
range from 100 fdlocydes to 220 roegaoyclesat an impcdwice 
level of 200 ohms, amidifier is espeeSaliy adapted ler .use 
te television testing, nuclear iustnitiMatation, oscSIapiq^.' 
and general laborntpiy meeiUfeineRts. /like IMMlitMlM 
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characteristic is ±1.5 db from 100 kilocycles to 200 mega¬ 
cycles! and the standing wave ratio is less than 1 db over this 
band. Phase shift in the amplifier is substantially linear within 
the pass-band! owing to mutual-inductance coupling between 
adjacent sections. Each stage has a tube complement of six 
6AK5 tubes. Either one-stage or two-stage amplifiers are 
available in standard rack or table mounting. For additional 
information write to: Spencer-Kknnedy Laboratories, 
iNCi, Dept. SI, 186 Massachusetts Avenue, Cambridge 39, 
Massachusetts, 

Radiation Standards High accuracy radiation 

standards, developed for the 
calibration of Geiger counters and other instruments meas¬ 
uring radioactivity, are now being supplied by the United 
States Radium Corporation. In addition to the conventional 
type standard, consisting of hermetically sealed capsules con¬ 
taining a radium salt, the company is offering a new type of 
calibrated source based on the incorporation of radium or its 
related elements in foil. 

The new type standard is available as a point source or 
linear source, calibrated for alpha-, beta-, and gamma- 
radiation. It oilers new latitude in design as compared to 
capsules, making it possible to ht the configuration of the 
standard to the specihe instrument or counter tube, and also 
making possible the accurate duplication of standards. 

While radium is a suitable source of radiation and is used 
in most of the items discussed, arrangements can frequently 
be made to supply standards utilizing a source of either virtu¬ 
ally pure beta- or gamma-radiation alone. The methods of 
preparation are applicable to standards of almost any radia¬ 
tion intensity but can be particularly well applied to those of 
low radiation intensity, standards normally the most difficult 
to prepare accurately. Stable and accurate alpha-ray sources 
present no more difficulty than the more readily prepared 
beta- and gamma-sources. 

The wider use of radioactive materials, stimulated by the 
Atomic Energy Commission’s program of releasing new iso¬ 
topes for research, medical, and industrial use, has created 
a dttnand for accurate and reliable measuring equipment. 
Such equipment, in the form of Geiger counters, ionization 
chamber survey instruments, and dosage meters, is supplied 
by a number of manufacturers and is normally furnished with 
a reasonably accurate initial calibration. Through mechanical 
shock or vibration, weakening of the power supply, radio¬ 
active contamination of the equipment, aging of the counter 
tube, and many other causes, this initial calibration usually 
changes in time, and recalibration is necessary, For dependable 
results in survey work, and especially for the highly accurate 
measurements required in research, industry, and medicine, 
depen^bie, accurately calibrated radiation standards must be 
avaitai^ at all times for recalibration or on-the-spot checking 
of radiation-measuring equipment. 

All radiation standards of the United States Radium Cor- 
poratkm are produced to special order, being constructed to 
meet the specific requtnanents of the instrument with which 
they be used. Correspondence as to their applicability 
and ism b> meet new situations is invited by the company.— 
Vmiim SttmsB tuativu Corforatiok, 5J5 Pearl Slreei, New 


MicroniicroaillXIIdter A new shunt box, type 

MV-171, converts the MV- 
17a Millivac vacuum tube miltivoltmeter for d.c. into a highly 
sensitive wide range ammeter. With a total of 23 ranges, it 



covers all d.c. measurements between 10 micromicroamperes 
and 10 amperes. Due to a time constant of only 0.3 second, 
readings are practically instantaneous. Other outstanding 
features are heavy overloading (100,000 fold on low ranges) 
without damage to the instrument and exceptionally small 
voltage drops (1 mv on low ranges, 25 mv from 1 microampere 
up). With an external voltage source, resistance measurements 
up to 100 meg-megohms (10** ohms) can be made. The shunt 
box and meter are operated from 115 v, 60 cycles, no batteries 
being required.— Millivac Instruments, Post Office Box 
3027, New Haven, Connecticut, 


Hand Alpha>Counter The RCL hand alpha- 

counter is a completely self- 
contained assembly which consists of two alpha-sensitive, 
ten-wire, air proportional counters and a recording electronic 
circuit which is calibrated to read from 0-20,000 counts per 
minute. The air proportional counters themselves are designed 
such that electric field stresses on the insulators are as tow as 
is consistent with good practice, thereby eliminating spurious 
pulses. Each counter is electrically heated to minimize hu¬ 
midity effects. An Aquadagged Nylon film two ten-thou¬ 
sandths of an inch thick protects the counter volumes from 
dust, yet permits transmission of alpha-particles. The Nylon 
film is protected by stainless mesh. The counters are soarranged 
that close proximity to the hand is assured. Operating in the 
proportional region, the counters are very stable. 

The electronic circuit of the RCL hand alpha-counter con¬ 
sists of a linear amplifier, a multivibrator to equalize the In¬ 
coming pulses, an RC tank circuit, a vacuum tube voltmet^ 
calibrate to read directly in counts per minute, and a regu¬ 
lated high voltage power supply. An Internal calibmtion de- 


226 NEW INSTRUMENTS 



vice enables the user to check the pane! meter at will. A 
convenient output jack permits connection of a recording 
milliammeter, or an auxiliary aiartn circuit, if desired. The 
counting rate ranges arc 0-200, O-dOO, 0-2000, 0-20,000 counts 
per minute and the counter operates at approximately 2150 
volts from a 115-volt, 60-cycle power supply.— Raoiation 
Counter Laboratories, Inc., IS44 W. 21st Street, Chicago S, 
JUinais, 

'^Super^RegUlated” Model 252 regulated 

Power Supply supply, appi'- 

^ cations where super-regula¬ 

tion at moderate power is required, has the following char¬ 
acteristics: 

Input: 1 IS volts, 60 cycles. 400 watts. 

Output: Adjustable from 260 to 300 v61tt d.c.. nesative grouaded. 

lUtulation: With load changes from 400 to 600 miUiamperes. the 
output vo]ta« change at any setting is Jess than 0.05 
percent, var^mg between individual units from 0.0 iS per¬ 
cent to 0.04 percent. Eaual stability exists with respect 
to minor line voltage changes. 

Noisi Lent: Less than 0.001 percent. 

This power supply has applications wherever extremely 
good regulation and stability are required. This includes com¬ 
puter circuits, television amplifier circuits, servomechanism 
directors, etc. The warm-up time required until the drift is 
less than O.OOS percent is approximately four hours. After 
steady state is reached, the instability is less than 0.001 per¬ 
cent per minute. 



The power supply can be either relay rack panel mounted or 
supplied in a cabinet.— Beta Electronics Company, 1762 
Third Avenue^ New York 29, New York. 

Spiral Contractometer The spiral contractometer, 

a new direct-reading instru¬ 
ment developed by Abner Brenner and Seymour Senderoff of 
the National Bureau of Standards, offers a convenient and 
accurate method for measurement of stress m idectrodepodts. 


Compression or tension in a specimen coating deposited on a 
standard helix is immediately read from a dial as the helix 
changes curvature in response to forces acting within the 
plated layer. The device is rugged and self-contained, re¬ 
quires no auxiliary apparatus, and is well adapted to both 
industrial process control and laboratory research. 

Essentially the new instrument consists of a flat metal strip 
wound in the form of a helix and mechanically connected to 
the pointer of a dial on which the rotation of the free end of 
the spiral with respect to its fixed end is indicated. The helix 
is connected at its upper, fixed end to a negative lead and 
suspended vertically in a plating solution along with a suitable 
anc^e. As it is plated with a sample coating on the outside, 
the stress in the deposit causes it to wind more tightly or to 
unwind, depending on whether the stress is compressive or 
tensile. A rod running down the axis of the helix is attached 
to its lower or free end so that rotation of this end due to 
stress is transmitted to the rod. The rotation of the rod, in 
turn, is applied to a gear train which produces a tenfold mag* 
nificalion in the rotation of the dial pointer. The angular dis¬ 



placement of the rod is read directly from the dial in degrees 
and converted to units of stress on the basis of the calibration 
of the helix used. 

In making a stress determination, the helix is first cleaned 
and, when necessary for good adherence of the deposit to be 
test^, a ^^strike'* plate is applied. After the helix has been 
dried and weighed, the inner side Is brushed with thinned 
"stop-off** lacquer to prevent plating on this surface. The 
helix is then dipped in hot allrali and acid baths, or other 
preplating dips, and rinsed before it is mounted in the con- 
tmetometer and immersed in the plating solution. 

The helix may be allowed to twist as plating progresses, 
and a record kept of the displacements with time, or bating 
may be prevented until the end of the run by clamping the 
pointer. Both methods give the same results witMn tte ex¬ 
perimental error. 

At the end of a run the helix is taken out of the solution, 
cleaned, and dried, and the lacquer is removed from the inside 
with acetone. The deposit may then be stripped off as soon 
as It has been wdgh^ to determine its average thidkness. 
Stress is ^Icdlats^ bom the Observed defiection of the pohiter, 
the physioal oonateat* and dimeiiiioni of the helix, and the 
anmrige tUckiiem of the 0 (^^ 
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A single helix can be used almost indefinitely without ap¬ 
preciable change in its dimensions, elastic moduli, or deflec¬ 
tion constants, provided reasonable precautions are taken in 
handling and storing.— National Bureau of Standards, 
V. 5. Department of Commerce^ Washington 25^ D, C. 

New Alpha-Particle A new methane flow pro- 

Counter portional counter designed 

for the efficient detection of 
alpha-particles is announced by Nuclear Instrument and 
Chemical Corporation, 223 West Erie Street, Chicago 10, 
Illinois. The outstanding feature of this new Model D45 
Detector Is its ability to count alpha-particles in the presence 
of high beta-activity with 50 percent geometry and low co¬ 
incidence losses. 

When this detector is used with a high gain linear amplifier 
and a “fast** scaler, it is possible to count alpha-particles in 
the presence of a beta-activity of 5 (10)» disintegrations per 
minulcj. Measurements of this type are particularly useful in 
chemical, physical, and biological research. 

The counter chamber of Model D4S has a very highly 
polished cylindrical cathode. The anode is 0.002“ diameter 
tungsten wire mounted between glass insulators. Construction 
is designed to permit easy decontamination both inside and 
outside. The sample holder, mounted on a stainless steel 
sample changer, is designed for standard one-inch diameter 
samples, with provisions for raising the sample up into the 



counting volume for improved geometry. Flow of methane 
gas through the chamber is controlled by means of valves and 
an attached bubbler. Connection of a coaxial cable is made to 
the center wire via a well insulated connector on rear of the 
cover.— Nuclear Instrument & Chemical Corporation 
(formerly Instrument Development Laboratories, Inc.), 223- 
233 West Erie St., Chicago 10, Illinois. 

R-F Capacitance Meter Type 1612-A r-f ca¬ 

pacitance meter is designed 
for rapidly measuring and testing small capacitors (up to 
1200 micromicrofarads) such as are used in radiofrequency 
equipment. It is equally useful in the laboratory and in pro¬ 
duction testing and, for the latter use, a simple test jig can be 
devised to facilitate connections. 

Measurement is made by a substitution method in which 
the capacitance of a calibrated air capacitor is reduced to 
re-establish resonance after an unknown capacitor is con¬ 
nected. Resonance is indicated by maximum deflection of a 
meter. Two ranges are provided, 0 to 80 and 0 to 1200 md, 
and range switching is accomplished automatically as the dial 
is rotated. Measurements are made at a frequency of one 
megacycle. 



Maximum meter deflection can be also used as an indication 
of loss, and hence as a basis for rejection of high loss capacitors 
when compared to a standard sample. 

The instrument operates from a 115-volt power line, either 
a.c. or d.c. Dimensions are 12X6|X7§ inches over-all. 

Weight is 11 pounds. ““-General Radio Company, 275 
Massachusetts Avenue, Cambridge 39, Massachusetts. 


Manufacturers’ Literature 

Hi|^ Stability Carbon Resistora— B-page catalog describes 
high stability carbon film resistors, normally supplied to 1 
percent tolerance up to 50 megohms, and pyromatic lesistom 
in ranges up to 10* megohms. Technical data and price 
schedules are given,— Welwyn Electronic Components, 
Inc., 234 East 46th Street, New York 17, New York. 

Insulation Tester— Bulletin 21-20“30 describes the “Meg¬ 
ger” heavy-duty type insulation tester. All improvements 
and accessory features are described and illustrated, and spe¬ 
cifications are given.— James G. Biddle Company, 1316 Arch 
Street, Philadelphia 7, Pennsylvania. 

Photographic Plates for Scientifle and Technical Use—A 
44-page booklet describes special plates available for spec¬ 
troscopy, astronomy, and nuclear research. Information on 
spectral sensitivity and eugg^ttons on the selection of plates 
for observation in various regions of the spectrum are given.— 
Industrial PRcrroGRAPHic Division, Eastman Kodak Com¬ 
pany, 343 State Rochester 4, New Yorh. 
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Cftthoda Fretf—A quarterly periodical which reports news 
of the electronic industry at large, with partic6lar emphaaifi 
on the publisher’s role in development of new electron tubes, 
improvement of current models, and applications of new 
tubes.— Machlett Laboratories, Inc., Springdale, Can- 
necticiU. 

Power Tubes—Technical data sheets on new power tubes: 

L RCA-5762, power triode, 2.5-kw plate dissipation. 

2. RCA*5770, power triode, 50-kw plate dissipation. 

3. RCA-577L power triode, 22.5-kw plate dissipation. 

4. RCA*S786, power triode, 0.6-kw plate dissipation. 

5. RCA-4XISOA, power tetrode, 0.15-kw plate dissipation. 

—Tube Department, Radio Corporation ok America, 
Harrison, New Jersey. 

Blectrlc Laboratory" Furnaces —Bulletin No. 48A describes 
a new electric laboratory furnace with a useful temperature 
range from 300to 2000“F. Applications include experi¬ 
mental testing* enameling, fusing, igniting, precipitate drying 
and ashing in physical and chemical laboratories, and as pilot 
furnaces in meullurgical labomtories.— Cooley Electric 
Manufacturing Company, 38 S. Shelby Street, Indianapolis, 
Indiana, 

Precision Resistors—NBS Circular 470, Precision Resistors 
and Their Measurement, gives a systematic discussion of the 
characteristics of precision resistance appamtus, and of the 
methods used by the Bureau of Standards for measuring re¬ 
sistance. 20 cents per copy.—U. S. Government Printing 
Office, Washington Z5, D, C, 

Ultracentrifuge —8-page folder describes a new Spinco 
ultraoentrifuge, adaptable to the purification and particle-sise 
determination of proteins, viruses, polymers, and other such 
colloids.— Specialized Instruments Corporation, 1106 
0*NeiU Avenue, Belmont, California, 

Ultracentrifuge— 8-page Ixxjklet-size pamphlet describing 
the development qualities and construction of the PHYWE- 
iiltracentrifuge and its accessories. This instrument is planned 
for exhibition at the German Industrial Show in New York 
on April 9^24, 1949.—PHYWE AG, Goettingen, Germany 
{British Zone), 

Hydraulic Cylinders—A 20>page book, Catalog Section No. 
103, illustrates and describes all standard cylinders, with 
complete diagrams and informarion to aid in laying out cir¬ 
cuits.— Gerotor May Corporation, BalUmore 3, Maryland, 

Thermometer- 'Bulletin T describes stainless steel ther¬ 
mometers, supplied in variable stem lengths from 4" to 42" 
for temperature ranges up to 1000*F.— W. C. DlLLON and 
Company, Inc., 5410 W, Harrison Chicago 44, lUinok, 

Portable Hardness Tester—Single-sheet bulletin describes 
a portable hardness tester for Rockwell Readings. The instru¬ 
ment weighs only 3 lb., 6 oz.; net weight including a carrying 


case and accessories is 6 Ih., 7 oz, Rockwell scale: A, 3, and 
C.— Rishl Testing Machines Divuiion, Ambricak Ma¬ 
chine AND Metals, Inc., East Moline, Illinois, 

Time Delay Itelajm —^A 6-page bulletin describes new 
Agastat electro-pneumatic time delay relays which provide an 
initial time delay of one minute. Thereafter, a power failure 
will cause the relay to switch oB, but restoration of power 
within IS seconds immediatdy re-establishes the circuit. For 
a power failure longer than 15 seconds, there is a time delay 
proportional to the length of time of power failure.— ^Agastat 
Division, American Gas Accumulator Company, 1029 
Newark Avenue, Elimbeih 3, New Jersey, 

Measuring Microacopea— Bulletin 161-48, 24 pages, de¬ 
scribes and Illustrates micrometer microscopes, traveling 
microscopes, micrometer slide comparitors, and related equip¬ 
ment. Introductory section outlines selection, use, calibration, 
and construction of measuring microscopes.— The Gaertner 
Scientific Corporation, 1201 Wrightwood Avenue, Chicago 
14, Illinois, 

Slide-^Hre Reaiatance Box —Single-sheet bulletin describes 
Type 110 slide-wire resistance boxes. Two ranges, 0-11,000 
ohms and 0-110,000 ohms, are available, with a useful fre¬ 
quency range of about 110 kc.— Technology Instrument 
Corporation, 10S8 Main Street, Waltham 54, Massachusetts. 

Thermocouples —Bulletin PI238, 56 pages, contains de- 
detailed information on thermocouples, protection tubes, and 
other pyrometer accessories. Engineering information to guide 
selection of a thermocouple and protection tube is given.— 
The Bristol Company, Waterbury 91, Connecticut, 

Recording Vibrometer —A 4-page bulletin describes a re¬ 
cording vibroraeter which measures and records frequency, 
displacement, and wave shape in mechanical vibration. A 
permanent record is made on waxed paper.— Apparatus 
Department, General Electric Company, Schenectady, 
New York, 

Recording Inatnunenta —Catalog ND46(i), 44 pages, de¬ 
scribes Speedomax Type G instruments. High speed, high 
sensitivity instruments and recording controllers are de¬ 
scribed, with uses for which they are available.— Leeds and 
Northrup Company, 4934 Stenlon Avenue, Philadelphia 44, 
Pennsylvania, 

Goniometer —A 4-page circular describes a two-cirde 
goniometer designed to measure the angles of crystal faces. 
Built-in accuracy makes unnecessary numerous provisions for 
adjustment, so characteristic of earlier instruments.—L* C. 
Eichnbr, 437 Bloomfield Avenue, Bloomfield, New Jersey, 

Theimocoiqde A«C« end D,C Meten—A 4-page bulletin 
describing portable thermal meters and thermal multimeters 
with vacuum thermocouples for the measurement of a.c. or 
d.c.— Rawson Electrical Instrument Company, Inc., 
Cambridge, MassachuseUs, 
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The various types of error which affect the result of a measurement performed by an instrument 
behaving a» a second^order linear instrument are defined. 

The theoretical systematic error is shown to be caused by the (dynamical) lag with which the 
instrument responds to the signal. If the damping is high, this type of error turns out to be propor¬ 
tional to the rate of change of the signal. 

The accidental error resulting from input noise and accidental changes of the instrument constants 
is considered. It is shown that all these effects can be represented by an effective input noise. A for¬ 
mula for the mean square error in the indication of the instrument is given in terms of the correlation 
function of the above effective noise. 

Related theoretical questions on random functions are discussed in the Appendix. 


1. INTRODUCTION 

C ONSIDER a device used for the purpose of the 
determination of a quantity F{t) variable with 
the time; we shall assume this device to behave as 
a second-order system having a (generalized) mass 
M, resistance R, and elastance 5. The (generalized) 
coordinate 0 (usually an angle or a displacement), 
in terms of the value of which the quantity F(fy is 
determined, would satisfy the differential equation, 

Jir(i?e/di*)-|-i?(d©/dO+50-F«), (I) 

if there were no accidental effects superimposed 
upon the quantity to be measured, and no acci¬ 
dental variation in the coefficients M, R, S would 
occur. If such variations occur, an erroneous value 
r will be determined by the equation: 


M^{ee/dpy+R'(de/dty+s'Q 

-.F'(l). (10 

where 

(2) 


R'mR+rit). 

(20 

S'-5-J-i(0, 

(2'0 

F'-F-|-/o(0. 

.(3) 

The quantities »»(/), r(f), s{t), fiit) are of the na- 


ture of random functions^ and small in absolute 
value so that their square can be considered 
negligible. 

Accidental variations of the instrument constant 
of the considered type can be caused, e.g., in an 
electrical instrument by deformation of the ge¬ 
ometry of its parts which would cause a change in 
its inductance and elastance, by a temperature 
fluctuation which would change its resistance, etc. 
Accidental variations in the input (or effective in¬ 
put) of such instrument could be caused by stray 
magnetic fields, fluctuations of e.m.f.’s in the dr- 
cuit, shot-effects in vacuum tubes, etc. 

2. BRRORS 

Under static conditions and in the absence of 
any accidental errors, Eq. (1) becomes 

50 -i?. ( 4 ) 

The quantity F is usually determined, assuming 
this relation to be true, even under dynamic con¬ 
ditions and in the presence of random effects; that 
is, the incorrect value 

SF(/)- 50 ', ( 5 ) 


*For a defiDition of the oono^ of nuidom function, see 
James, Nichols, and PhilUpa, Thtory ct Senomtekamtms 
(Mcf^w-HiU Book Company, Inc., New York, 1947), p. 266. 


^Nettfat U. S. Naval Ordnance Test Station, Pasadena, 
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is assumed for F,* so that the error ' 

( 6 ) 

in its determination is committed. 

Subtracting (1) from (1'), taking into account 
(2), (2'), (2"). and (3), and putting 

(7) 

we obtain, neglecting infinitesimals of second order; 
the differential equation; 

( 8 ) 

with 

/W*/o(0+/i(0. (9) 

/,(<) - -m(t)(d*e/d(*)-r(t)(de/dt) -s(()e. (9') 
Using (7), expression (6) can be written in the form 

( 10 ) 

where 

v>o(o=se-F, (II) 

represents the systematic otot due to the dy¬ 
namical lag of the instrumenit, and 

( 12 ) 

represents the accidental error due to the presence 
of random phenomena in the compionents of the 
instrument. 


3. SYSTEMATIC ERROR 

Assuming 

0(O)-(d0/d<)i-,-O, (13) 

we shall obtain, integrating Eq. (1) 

0(<) *= (1/Mwo) r F(T)e‘''<‘~'* sinwo(f~'r)dr, (14) 
*'o 

where 

y^R/2M, 

(oo-C(S/Af)-(i?/2AO*]‘. 

If the constant y is large, the factor e’**"'* will be 
negligible for non-negligible values of f— t. Ex¬ 
panding F{t) in series we shall have, then, with 
sufficient approximation: 


r 8in«o(/ —r)dr 

do 

®^F(<) r sin«o(f~T)dT 
•^0 

— 1^(1) J* (f —8inwo(f—T)dT 



“C^(0/(«o*+Y*)3[w«—«"’'‘( 7 sinctfof+«o cobm*03 

—(wo*+y*)* 3I Y*)«n«s< 

—2«(ry co8»«<3‘K««*+Y*)^'*'‘Ct «n»of 
-f-WoCOSWof^l* 

Neglecting in the last result terms in which e~y* 
appears as a factor, we have: 

'f F(T)er^^*-^^ sinMo(f—T)dT 
do 

‘^Im/W+yWt) - L2u^/W+y*)lH0- 
Replacing this result in (14) and (11) we obtain: 


4. ACaDENTAL ERRORS 

Integrating (8) under the assumptions: 


d(0)-(d9/d0«»-o. 

(15) 

we obtain 



(16) 

0 

where 


JC(t, 1) «(l/M«#)«“i'<*-»> 8ino>o(f— t). 

(17) 

Squaring both members of (16) we obtain: 


tf*(0 - f fK(r,t)Kir,'t)fir)fy)drdT'. 

(18) 


For the ensemble average of 6* we shall have then 

<tf*(0)- XX 'K(T.i)K(T/l)Hry)dTdT\ (19) 


* We shall indicate with 

(A«)>-UnJ ^At(t)/N 

the ensemble average of a quantity A (Q (whose repeated meas* 
urement under the same controllable conditions at the dme t 
yields results Au and with 

(A«)>-lim[£'"A(t)*/r], 

its time average. The ensemble and time averages of quantities 
which depend upon meamirements performed at the times fi, 
It* * ’tm are respecdvely dehited by 

(A{l„ Ir • **'*’‘** ■ 

At bsinf the result’ef BMUweiiMBts perfermed at the I to a e s 
A, h’ 
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where 

A(r.r')-</(r)/(r')). (20) 

is the (auto-) correlation function of the random 
process represented by /(<)•' v'* can be obtained 
immediately from the value of (^) through Eq. (12). 


5. EMPIRICAL DETERMINATION OF THE 
CORRELATION FUNCTION 

Predictions of (0’) with the above method can 
only be obtained if fit) (that is, all the random 
processes involved), are independent of the re¬ 
sponse 0(0 of the system. We shall assume this 
condition to be satisfied in what follows. 

The determination of the correlation function 
(20) for a random function of the typ)e (9) can then 
be obtained in general, with the method outlined 
in Appendix I. For the case under consideration, 
this would involve the determination of the en¬ 
semble average of the error in the output of the 
system for at least 16* different, appropriately 
chosen, responses. Such a procedure, of course, 
would be extremely lengthy. 

A much more rapid determination of A can be 
obtained if the process represented by fit) is 
stationary.^ In this case we shall have: 

A(T,T')-A(T'-r)»/(r)/(r'), (21) 

which can be approximated numerically from an 
experimental determination of the function fit) 
over a sufficiently long period of time. 

It should be noted that, for all practical pur¬ 
poses, the function fit) will be stationary only if 
/o(I) is stationary and mit), r(I), and sit) are zero 
or negligible. Even if these last functions are sta¬ 
tionary, their linear combination (9') will, in general 
not be stationary. (See Appendix II.) 

Once A(t,t') is determined, (9*(<)) can be deter¬ 
mined by numerical integration from formula (19). 
Usually, however, an approximate evaluation of the 
int^ral (19) defining (9*(0) is sufficient, the purpose 
of which can be reached by approximating the ex- 


* I am indebted to S. 0. Rice of the Beil Telephone Labors- 
toriee for luggeeting the above method of determination of (S'). 

• Thii numoer can be reduced (to not lew than 4) if eome 
of the random procesaea involved in fit) can be considered 
uncxwtiftlftted a pnorit 

’ A prooem defined by a random function x is 8a*cl to 
be atadonary if 

* ’Xw)) * *x«)), 


where X ie an arbitrary function of the quantities xi-xf/i). 
A relation of tbit type cannot in general be eatablished on 
tiMereticat grounda and i»i therefore, asaui^ whenever this 
Sims lustifieda Such an assumption mide for a given system 
Is srfemti to as ergodk bypothetis. 


perimentally determined correlation function by an 
appropriate analytical expression* 

6a THKORBTICAL METHODS 

Further methods can be applied to the problem 
treated in the present paper if the random function 
fit) describes a process of a better specified nature. 

If this process is Gaussian,® a method due to Rice 
can be applied; for a Markoffian® process, the 
method of Fokker-Planck-Kolmogoroff can be used 
with advantage. Details of these methods can be 
found in the original papers of Rice^® and of 
S. Chandrasekhar” and Ming Chen Wang and 
Uhlehbeck.” In the latter two papers, a detailed 
treatment of the statistical properties of the solu¬ 
tion of an equation of the type (8) can be found if 
Fit) is the type of a force acting on a colloidal par¬ 
ticle undergoing Brownian motion. An extensive 
bibliography can be found in these papers. 

Due to the fact that the main purpose of the 
present work wa^ to examine instrument errors 
from an empirical point of view, and since a com¬ 
prehensive treatment of the theoretical aspects of 
the above special cases can be found in the cited 
publications, no further discussion of these matters 
will be given here. We shall, however, apply the 
methods previously established to the case in which 
the errors are stationary and of a type having con¬ 
siderable theoretical and practical importance. 

If the error is simultaneously Markoffian and 
Gaussian, its correlation function must be of the 
form” 


Replacing this into (19) and making use of (17) 
we obtain 

(^2) = (aVAfwo®) r r sin«o(<““r)c"i'f^“^'^ 

•^0 *^0 

X sinwo(/ “ r')«“^ 


' (a®/ilfc4)o*) r r sinwoff 

*'o 

Xsinwotr'dirdo'' 

•^aUiy-^)Jiy+P)/Mm\ 


»The process is said to be Gaussian if the probability of the 
simultaneous occurrence of the values • •xjv(x<*«x(4<)) 

is given by a (pluridimensional) Gaussian function. 

* A discontinuous random process defined by the aeries 
* 1 . x»*--Xiv is said to be Markofiian if the probability of 
occurrence of a given term x< depends only on the value <rf 
previously occurred term x<„|. A continuous Marlo><! process 
Is the limiting case for of a discontinuous one. 

« S. O, Rice, Bell Sys. Tech. J. 23, 282 (1944);25,45 (1945). 

“ S. Chandrasekhar, Rev, Mod, ^^hys. IS, 1 (1943). 

” Ming Chen Wang and G. E. Uhtenbeck, Fhys. J 
323 (1945). 


Rev. 17, 


“This result was established by J. L. Doob, Aim. Math.; 
43. 351 (1942). ’ 
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where ' 

Jii) *• I sinwoffdff 

"0 

■■ [[wo~e~*‘(wo C08wo<+^ 8in£oo<)3/Cf*"l"“#*3* 
Making use of the above identity, we obtain 
- CoV-i»^«o*P(/9)3 {«o*+wo*+y*-/?*/2e-*^' 

— Wo*Cc~ '+«~^'''+^>‘]c08<i»o/ 

~ "oCfr—/9)«~ ‘+(y+/S)«~ '^sinw#/ 

+e~*‘^‘[wo*—'y*+^/2 co82wo/ 

+woy sin2«oi3)» (22) 


where 


Fix) =3e«-2(7*-«o*)**+(y*+wa*)*. 


If the source of the error is a monochromatic 
disturbance, that is, represented by a sinusoidal 
function with angular frequency «i, amplitude c, 
and random phase, the correlation function will be 
of the form.” 

A(tit') =» (aV 2 )co 8 wi(T' — t), 
which replaced into (19) gives: 

<fl*)»(aV2M«#*) f f e-i'<‘-»>8inuo(/-T)e-^<‘-'’> 

•^0 •^0 

X8inwo(<~r') coi6ti)\{r'— T)drdr*. 
The latter expression can be written in the form 

<ff*)m(a>/2Muo’)<Re f f 
Jq Jo 

Xsinwoff sinwocr'd^ff 

* (y—to i) y (y+/2 Afcijo*, 

where (Re indicates the operation “taking the real 
part of.” Applying formula (22) we obtain 


(S«>-[cV2Jl/wo»P(too)3 


«((*+«i*+y* 


wo 




+W 0 exp[ — y(l)3(wo+wi)co8(wo*-wj)l 
+ (wo—wi)co8(wo+wi)f+woy expC~y(03 


of the eaaly proved fact that the correlation 
function and, consequently, the mean square errors 
are in this case additive. 
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APPBRDIX I 

On the determination of the auto- and itUer-correla- 
tion functions of a system of random functions ,— 
Consider the linear combination 

y(<)*Eo<«)*<(0. (I) 

of the random functions x.(/), the coefficients ai{t) 
being (deterministically) known functions. We shall 
assume the x/s to be independent of the a/s. The 
ensemble average of the product 

y(r)y(r') - Li L* C.(r)o*(r')*^(r)x»(T'). 
will be 


A(Tir) •» Li E* ®<(»')®*(t)A<*(tit'), 
where A is the (auto-) correlation function of y and 
A<»(Tir') «■ (*<(t)*»(t0), 

are respectively the auto- and inter-correlation* 
functions of the x.-'s, according as to whether «*■& 
or i k. It should be noted that unless the random 
functions Xi, x» are stationary, Aa^An. 

The functions A» can then be determined from 
the experimental determination of ensembles of 
values y^^HO of the linear combination (I) for at 
least n*, (or not less than n* if stnne of the processes 
represented by the xi's are uncorrelated), properly 
chosen sets of coeffidents aj^(t).** If data for a 
larger number of sets are taken, the consistency of 
the hypothesis of the independence of the x/s upon 
the a/s can be verified, and the values of the func¬ 
tions Aa can be determined by means of the least 
square method. 


XCsin(wo-wi)<+8in(wo-fwi)l] 

rwo*~wi*—y* 1l 

- - -cos2a)o<+woy sin2ttelj |. 

Errors due to the superposition of uncOrrelated 
random processes of known nature, as of the ones 
described above, can be evaluated by making use 

** See Jemse, Nichole end PhiUipe, (reference 2), p. 275. 


APPENDIX n 

On'the non-validity of the orgodic hypothesis for 
the process represented by a Unear combination of 
stationary random functions .—Let x{t) be a sta¬ 
tionary random function, that is, a function neces- 

* This termiadogy seems more apiMopriete to the sathor 
dum die term "cross c orr el atioB fuactiMi’' freoueady need. 

**Tlie choice is, of wurse, r e e trioe d by tas raistim to 
which the mendien of die sets ass subjected. 
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sarily satisfying the relation 


which is. in general, different from 


(*(/))-ac-limf r x{t)dtlT 


{ax )«limj 
r- 




Consider now the random process defined by the 
function a{t)x{i), a{t) being a known function. We 
shall have 

{a{t)x(t))^a{l)x{t) =a(t)£, 


The process represented by a(t)x(/) is therefore not 
stationary. 

It follows that a time dependent linear combina* 
tion of stationary random functions is not generally 
stationary. 
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The design problems for Geiger counters which have a high gamma-radiation sensitivity sire dis¬ 
cussed. A description of a Geiger counter consisting of nine individual counters in the shape of pill¬ 
boxes mounted inside a single envelope is given. The individual pillboxes are 3 inches in diameter. 

The anode has the shape of a four-pronged spider which is centered in the box. The nine section 
counter has a flat plateau of about ISO volts, and intrinsic sensitivity of 25 percent. Its lifetime is 
better than 10’ counts. 


INTRODUCTION 


DESIGN 


T he problem of a detector with high intrinsic 
sensitivity for gamma-radiation has not been 
solved satisfactorily, although, recently the de¬ 
velopment of the scintillation counter by Deutsch’ 
and others has shown considerable promise. Some¬ 
time before these developments took place, the 
same problem presented itself in connection with 
the curved crystal gamma-ray spectrometer* de¬ 
veloped in this laboratory. Since the radiation de¬ 
tector was a very important part of the whole 
apparatus, it was decided to attempt to construct 
a counter of the Geiger-Muller type but with en¬ 
hanced sensitivity. 

The requirements of the counter were as follows; 
It must have high sensitivity for gamma-radiations 
in the energy range 0.025 to 1.0 Mev, and accept 
an approximately pau’allel beam about two inches 
square. Furthermore, a very low background would 
be desirable, but extremely short counter recovery 
time would not be necessary on account of low 
counting rates. It was doubtful if even the scintilla¬ 
tion counters could satisfy these requirements, 
especially the large beam cross section, without 
considerable development work. 



Kitsch, .SMsMlsMsii Gwwiffr NaMOolmt (^b. 
Sd. end Bog., M.I.T.), Tsch. Rsp. 3 (DjJl 1^7). 
M. DulS. Rsv. ScL lost. ». 626 (1947). 


The problem of intrinsic sensitivity of a Geiger 
counter to radiation is discussed by several au¬ 
thors.** The intrinsic sensitivity* may be repre¬ 
sented by the expression; 

t{E) - C(TRt+<rR,+2xRx)‘ (1) 

T, <r, X represent, respectively, for photo, Compton, 
and pair production, the linear absorption co¬ 
efficients for radiation of energy E in the cathode 
material. Rt, R,, Rx represent the mean electron 
ranges, respectively, for the three corresponding 
processes. These ranges must be evaluated for the 
electron energies which result when the initial 
quantum of energy E interacts with the material. 
The constant C must be determined experimentally. 
The expression further assumes that the cathode 
wall thickness is such that other absorption effects 
may be neglected. Bradt ef a/.* show curves of the 
dependence of c on E, the quantum energy, auid Z, 
the atomic number of the cathode material, for tiie 
optimum dedgn in each case, i.e., when the cadiode 
wall thickness is just equal to the range of the moift 
energetic secondary electrons. Since r varies as Z* 


*F. Norling, Arkiv. (. Mat O Fya. 27A, No. 27 (1941). 

* Bradt Cugelot Huher, Medicus, Pteiswerk, and Stumr, 
Helv. Phya. Acta 19, 77 (1946). 

* By intrinde Mnaitivity h neant the Iraetioa of all pho- 
tona pasaing dumigh the counter adhieh regietar oounta. 
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Fig, 1. Schematic drawing of the multicellular Geiger 
counter showing the main features of construction. 


it is advantageous to use plates of high atomic 
number. On the other hand, if the quantum energy 
is low, the range of the electrons becomes very 
small. In this case, it is better to rely on the gas for 
absorption where every secondary electron pro¬ 
duced will register a count.** 

It is evident that the efficiency of a counter will 
vary by a considerable factor especially at low 
quantum energies. It is impossible to design a 
single counter of the conventional type, which will 
have reasonably good efficiency for a wide range of 
quantum energy, if one must rely only on the 
cathode for ejection of secondary electrons. Hence, 
separate counters are used for different energy 
ranges. In each case the cathode wall thickness is 
adjusted to some optimum value. The nature of 
the cathode surface also has an effect on the sensi¬ 
tivity. Evans and Mugele* showed that there was 
considerable advantage in the use of wire gauze for 
the cathode. This is primarily on account of the 
increased mass of cathode material effective for 
production of secondary electrons which penetrate 
the active volume of the counter. Considering all 
factors, lead appears to be the best cathode ma¬ 
terial, providing the natural radioactive contamina¬ 
tion can be eliminated. To decrease the effect of 
this contamination, the plates were silver plated 
to a thickness of 0.001 inch. The counter designed 
for optimum sensitivity at 0.5 Mev used a lead 
cathc^e of 450 mg/cm* surface density. The cath¬ 
ode surface was embossed by rolling it between 
pieces of 80 mesh wire gauze to increase the surface 
area. 

The counter geometry was such that the sensi¬ 
tive volume had a projected area of at least the 
cross section of the incident beam of radiation. 
Cons^uently, each counter section had the shape 
of a pillbox approximately three inches in diameter. 
The anode consisted of a four-pronged spider 

*• Mr. W. West of this laboratory haa aucceeded in making 
xenon^rgon Mtroleum ether filled counters operate satis¬ 
factorily With high quantum efficiency up to about 0.070 Mev 
enem. 

Mugele, Rev. Sei. Inst. 7, 441 

{1930). 


mounted so the plane of the wires lay midway be¬ 
tween the end plates of the box and parallel to them. 
Electrostatically, the getmietry represents a straight 
wire spaced midway between parallel plates to a 
fair approximation. A calculation of the field about 
such a wire leads one to expect a reasonable plateau 
from this geometry.* 

The increased sensitivity of the counter is ob¬ 
tained by merely connecting a number of these 
pill-box counters in parallel in the same envelope. 
Of course, this arrangement requires that the 
threshold voltages of the individual sections shall 
coincide closely enough so that the multicellular 
counter may exhibit a plateau. This was indeed 
accomplished by the construction and treatment 
described below. 

QOHSTRUCTION 

The constructional details of the counter are 
shown in Fig. 1. The case is made of Shelby tubing, 
3 inches inside diameter and 8 inches long, to which 
an end plate was silver soldered in a hydrogen fur¬ 
nace. The end plate carried the pumping lead and 
a Stupakoff glass insulator bushing for the central 
wire. The opposite end was fitted with a flange and 
a grill to support the 2 mil nickel foil window. The 
seal was made with an aluminum or lead wire gasket 
in a vee groove as shown in the detail view. The 
clamping ring was a grill identical to the inside one. 
This furnished support to the window which al¬ 
lowed the unit to be pressure tested for leaks. This 
method of construction permitted rapid opening 
and resealing of the unit and has given no trouble 
whatsoever. 

The counter sections themselves conusted of 
drcular disks of silver-plated wire gauze or lead 
sheets 3 inches in diameter. At the center a | inch 
hole was punched to allow the supporting rod for 
wire spiders to pass down the axis. The spiders 



Pig. 2. The oountinK characteristic for a counter of 
ntne eectiona. 


* S. C. Curran and I. M. Rdd, Rsv. Sd. Inat. 19 ,67 (IMS). 
In dds paper nmnu different ooumer geometries sm me. 
plateau to be expected are dieeuiied. 
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consisted of four radial 0.01 inch tungsten wires, 
silver soldered to a monel tube 0.050 inch outside 
diameter. The tips of the wires were beaded with 
glass to prevent discharge at these points. Each 
spider was etched by a.c. electrolysis in NaOH 
solution to clean the wires of all scale and sharp 
points. A 0.040 inch drill rod was soldered in the 
Stupakoff bushing and extended down the axis of 
the counter. As each disk was set in the counter, a 
spider was slid on this central rod and centered 
between each pair of disks. In this manner, a maxi¬ 
mum of nine complete sections was built up in the 
cylindrical envelope. The free end of a central rod 
was supported in a glass bushing to keep the 
spiders centered on the axis. 

No special treatment was given the counter once 
it was assembled. Of course, during assembly great 
care was taken to exclude any foreign matter. 
The counter was merely pumj)ed out and tested to 
assure that no leaks were present and then filled 
with a 3 percent mixture of petroleum ether and 
argon to 20 cm of mercury. It was necessary to 
wait several hours at least before the counter 
became stable, but thereafter, the threshold and 
plateau were quite constant. Furthermore, the 
characteristics of several counters of this type 
could be made nearly identical. 

PBRFORMAHCB 

The threshold of the counter was about 1100 
volts. As Fig. 2 shows, the plateau was flat to 
about 5 percent pc»r hundred volts and had a length 
of 150 volts. These characteristics are indct)endcnt 
of whether a quench circuit was used or not. The 
lifetime of the counter was of the order of 10’ 
counts, at least. 

The efficiency of two of the nine section counters 
was measured by a coincidence technique using 
annihilation radiation (0.51 Mev) and found to be 
approximately 25 percent averaged over the whole 
face of the counter. Tests made with a collimated 
pencil of gamma-radiation from a radium source 
showed that the sensitivity was almost constant 
over the entire face with the exception of the axis 
of the counter where the cathode plates were 
punched out. 

The pulses from the nine section counter are 
not uniform in height, but over the plateau they 
have a certain minimum height which, of course, 
increases with the over-voltage. Because of the 
relatively large capacity of the wire, it is desirable 
to use a circuit which is a little more sensitive 
than those ordinarily used. An interesting observa¬ 
tion was made on the pulses from a single counter 
section. The pulse heights are distributed .as 
I;2:3:4; the interpretation is that the pulse height 
is just proportional to the number of wires which 



Fig. 3. Photograph showing the multicellular counter and a 
bank of six anticoincidence counters in the lead housing. 

discharge. The methods by which the discharge 
spreads are two. The initial ionizing event may 
produce ions in the vicinity of one or more wires, 
or the discharge which is propagated by photon 
emission’ along one wire may also be propagated 
from one wire to the others by the same mode. 
The number of pulses of each height decreases as 
the height increases. 

In the application for which the counter was in¬ 
tended, it was important that the background be 
as low as possible. If cosmic-ray counts are sub¬ 
tracted by means of a battery of six conventional 
counters, placed in an arc situated immediately 
above the gamma-ray counter and connected so as 
to oi3erate the scaling circuit in anticoincidence 
with the latter, the background per counter sec¬ 
tion, when shielded by four inches of lead, is about 
11 counts i3er minute. Figure 3 shows the counter 
and its anticoincidence counters in the lead housing. 
There could be some decrease in this rate if the 
axial dimension of the individual counter sections 
could be decreased. Spadngs of 0.375 inch be¬ 
tween the cathode plates have been, used but, as 
would be expected, the operation is somewhat 
more satisfactory with the larger spacing. 

The counter has a sensitivity for gamma-radia¬ 
tion comparable with a good scintillation detector. 
However, its greatest advantage is that the sensi¬ 
tive volume has a relatively large cross-sectional 
area. The construction is rather easy and the per¬ 
formance comparable with Geiger counters of more 
conventional geometry. 

The author wishes to acknowledge the assistance 
of Dr. J, W. M. DuMond under whom the work 
was carried out. The work was supported by the 
Office of Naval Research under Contract N6onr- 
244 Task Order IV, 

H. G. Stever, Phys. Rev. Sd, 7(55 (1941), 
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The Maxwell Bridge at Low Frequencies 

Vinton A, Brown and B- P. Ramsay 
Naval Ordnance Laboratory, Silver Spring, Maryland 
* (Received August 2, 1948) 

The Maxwell bridge has been found useful for measuring inductance L and a.c. resistance at 
periods from 0.01 sec. to 200 sec. In some applications, the inductors had solid ferromagnetic cores 
and inductances of several hundred henries. The effect upon the bridge circuit of induced currents in 
the ferromagnetic material is expressed as a first approximation in terms of the equivalent mutual 
inductance M, The resulting equations expressing the frequency dependence of L and are in 
qualitative agreement with experiment. Because of harmonic frequencies generated by magnetic 
hysteresis, the bridge cannot be completely balanced when measuring L and Ra* of ferromagnetic- 
cored inductors. Analysts of the precision of measurement indicates that the effect of the residual 
voltage at best balance is a reduction in bridge sensitivity. Factors determining the choice of bridge 
resistors and of balance indicator are discussed, and typical graphs of L and Rae as functions of 
frequency are presented. 


INTRODUCTION 

HE Maxwell bridge (Fig. 1 ) is a well-known 
circuit for the measurement of capacitance or 
inductance and a.c. resistance. The series combina¬ 
tion of inductance and resistance in one arm is 
balanced, by the parallel grouping of resistance and 
capacitance in the opposite arm. The equation of 
balance of the general four-arm bridge,^ of which the 
Maxwell bridge is an example, is 

-Z 1 .Z 4 *=.^2^3, (1) 

where the Z's are the complex impedances of the 
respective arms. Substitution of the appropriate 
expressions for the impedances of the arms of the 
Maxwell bridge yields the equation 

{Rv+j<^LM ( 2 ) 

VR4+(1/j«C4)/ 

The real and imaginary components of this equation 



* B. Hague, AUernaling Current Bridge MeUwds (Isaac 
Pitman, London, 1938), p. SI. 


are the familiar equations of balance, 

(4) 

Thus inductance may be measured in terms of 
capacitance, or vice versa by means of Kq. (4). 
If the unknown is an inductance, Eq. (3) yields its 
a.c. resistance i?i, at the frequency and excitation 
of measurement. If R\ and Lx are independent of 
frequency and excitation, Eqs. (3) and (4) express 
the balance conditions for all frequencies and 
excitations. If not, R\ and Li must be considered to 
be the effective series resistance and inductance £tt 
any particular frequency and excitation; Eqs. (3) 
and (4) then s|)ecify the conditions of balance at 
that frequency and with that excitation only. In 
either case the balance is complete; that is, an 
indication of null voltage is always obtainable by 
proper adjustment of Rt, i? 4 i and C 4 . 

In its usual application the Maxwell bridge is 
employed at audiofrequencies. Its proven range of 
usefulness has been extended in measurements at 



Fig. 2. Effect of mutual inducunce upon balanoe of the 
Maxwell bridge. 
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Fig. 3. Balanced amplifier for use with cathode-ray oscilloscope 
as Imlancc indicator. 

the Naval Ordnance Laboratory to frequencies as 
low as 1/200 cycle per second. In most of these 
applications, the unknowns were induction coils 
having solid ferromagnetic cores and inductances 
of several hundred henries. The effect of eddy 
currents in the ferromagnetic core upon the balance 
of the bridge is represented schematically in Fig. 2 
by means of a coupled secondary circuit. The 
current n in the secondary circuit consisting of 
inductance Lb and resistance is a simplified 
representation of the continuum of eddy currents 
circulating in the solid core. The equations of 
balance of this circuit are derived as follows. 


EFFECT OF MUTUAL INDUCTANCE 

Reference to Fig. 2 shows that the voltage ei 
across the inductive arm is 


(i?i+jwLi)ti+-ja)Mi6. (5) 

Application of Kirchhoff’s law to the secondary 
circuit gives 

0 “ ( 6 ) 
Hence the impedance Zj of the inductive arm is 

+-;-. (7) 

il /? 6 +. 7 w 7>6 


Thus Eq. (1) becomes 


( 


Ri+juL\+ 


\ Ri/jo)Ci 


Rt-i-juLt) Ri+{i/juCi) 


= ( 8 ) 


Separation of reals and imaginaries yields the 
equations of balance, 

Rt(RiRi-R»Rt) ^w^RlUiU-RiRtCi) - Jl/’], (9) 

LtiRiR4-R,R») - -RtRiiLi-R^RtCt). ( 10 ) 


It is evident that the conditions of balance for the 
Maxwell bridge will satisfy Eq. (10). Equation (9), 
however, becomes 

0--JlC«*ie4. (11) 

Thus, Eq. (9) is not satisfied by Eqs. (3) and (4) 
except under the trivial condition described by 
1^. (11). 



Fig. 4. Inductance and a.c. resistance of a 2()-ft. square 
Helmholtz coil system. 300 turns per coil. 

The condition whit'h prevails when the trivial 
solution is eliminated from consideration can be 
clarified by separating the adjustable bridge param¬ 
eters J? 2 , Riy and Ci from those which are 
characteristic of the induction coil, namely, Ru Lu 
Ri, Lb, and M. Simultaneous Eqs. (12) and (13) in 
which this separation is effected follow directly 
from Eq. (8). 

Ri+Rt{o>'^MyR^^+o:U.t:^) - {RtRz/R4)y (12) 

L,-Lb{c^HP/R,^+c,'^U^)--R2RzC\, (13) 

Since Lx is the inductance and R\ is the a.c. re¬ 
sistance of the coil in the absence of eddy currents, 
the effective inductance L and a.c. resistance R of 
the coil with a conductive core are shown by 
Eqs. (12) and (13) to be 

R-^Rx+R,{o^'^MyRf:^+o)^L^^)y (14) 

L = Li-Lb(u)^MV7?6'+(o2L52). (15) 

This presentation indicates that the a.c. resistance 
of a coil with a conductive core will increase with 
frequency more rapidly than J?j, the a.c. resistance 
of the coil exclusive of the effects of eddy currents 
in the core. However, the inductance L of the coil 
with conductive core is less than Li, the inductance 
exclusive of the effects of eddy currents in the core. 
Equation (15) does not indicate that the inductance 
of a coil with a conductive core is less than that of 
an air-cored coil, but it does show that the in¬ 
ductance of a coil with a metallic core is reduced by 
the effects of eddy currents. Since only eddy- 
current effects are included in these equations, they 
are not sufficiently inclusive to descril>e all effects 
which are observed with coils having ferromagnetic 
cores. In particular, they do not take into account 
the generation of harmonics of the fundamental 
frequency which result from magnetic hysteresis. 
Because of hysteresis, a complete balance of the 
bridge cannot be effected by any adjustment of 
i? 2 , i?8, J? 4 , and Ci in the case of coils with ferro¬ 
magnetic cores.® 

* A similar condtisjon applies to A. T. Starr’s bridge (Phil. 
Mag, 12, 265-280 (1931)), m which the mutual inductance is 
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Fig. 5. Inductance and a.c. resistance of search coil with solid 

ferromagnetic core. 

In spite of the impossibility of completely 
balancing the Maxwell bridge when magnetic 
hysteresis is present, the conventional Maxwell 
bridge has been employed for the measurement of 
L and of ferromagnetic-core inductors on the 
assumption that the equations of balance CEqs. ( 3 ) 
and ( 4 )] are applicable when the ax. voltage drop 
across the indicator is a minimum. The justification 
for this assumption is the smallness of the hysteresis 
effect in comparison with that of inductance. For 
example, at a period of 10 seconds, the minimum 
peak-to-peak indicator voltage was 1/1000th of the 
voltage developed across the inductor. Hence it is 
concluded that the imperfection of the balance is 
not sufficient to materially affect the applicability 
of the usual equations of balance to the problem of 
determining L and i?oe. The precision of measure¬ 
ment is reduced, however, by the residual voltage at 
best balance, which reduces the sensitivity of the 
bridge, as shown in the following discussion. 

BRIDGE SENSITIVITY 

The definition of sensitivity of a Maxwell bridge 
for which a complete balance cannot be obtained 
may be developed along lines followed in treating 
the conventional bridges.* With Ra and Ci dials set 
at the positions of best balance, the voltage Vi 
across the indicator terminals is a minimum. If 
either dial is displaced from this position while the 
other remains at its position of best balance, the 
change AT, in indicator voltage is directly propor¬ 
tional to the deviation in impedance Z4 from the 
balance setting, provided this deviation AZ4 is 
small. Hence, 

AF,*SF,AZ 4 , ( 16 ) 

where is the generator voltage. The proportion¬ 
ality factor 5 , which is a function of frequency, is 

balanced by modification of the opposite arm so that it be¬ 
comes the inverse network of the inductive arm. In the pres¬ 
ence of a ferromagnetic core, the capacitors in the inversh net- 
work do not compensate for the effects of magnetic hysteresis. 

»See reference 1, pp. 81-85. 


known as the sensitivity of the bridge. This rela¬ 
tion, in the form 

AZ4«(AF,/5F,) (17) 

determines the minimum detectable increments in 
i?4 and 6^4, provided AF^ is here considered to be 
the least change in indicator voltage that can be 
distinguished from spurious fluctuations. Thus the 
minimum increments A/?4 and AC4 depend upon the 
following factors: 

(1) Sensitivity of the indicator, a factor in determining AKi, 

(2) Magnitude of spurious voltage fluctuations relative 
to K*, which contributes to 

(3) Bridge sensitivity S. 

In practice, obtaining sufficient indicator sensi¬ 
tivity presents no problem. Experience indicates 
that it is the magnitude of spurious voltage fluctua¬ 
tions arising in electronic and mechanically driven 
oscillators at the* low frequencies considered here 
which is the principal limiting factor in the determi¬ 
nation of the accuracy of the measurements. If it 
were possible to obtain a perfect balance inde¬ 
pendent of frequency, the anomalies in generator 
voltage would not be detectable at balance. In the 
actual case, the imperfection of balance reduces the 
accuracy of measurements to a value determined by 
the magnitude of the fluctuations in indicator 
voltage at best balance. The accuracy attained is 
estimated to be ±2 percent at a period of 1 sec,, 
and ±5 percent at 100 sec. 

BRIDGE DESIGN 

Choice of resistances for the bridge was based 
upon several considerations, (a) Since available 
variable condensers have small capacitance, the 
value of the product RtRz by which Ca is multiplied 
to obtain Lt must be large to permit measurement 
of inductances in the range of interest, that is up to 
800 henries, (b) It is of course desirable that the 
factor RiRi have a simple numerical value, in order 
that inductance may he read off at once from the 
condenser setting, (c) For maximum bridge sensi¬ 
tivity, R2 should be of the same order of magnitude 
as Ri which, in the applications of greatest interest, 
was approximately 100 ohms. Such a small value of 
R2 would require that Ri be as large as several 
megohms. This would introduce leakage problems. 
To avoid such difficulties R2 and Ri were fixed at 
20,000 ohms each. The value of the inductance in 
henries is then 400 times the capacitance in micro- 
fara4s. 

As constructed, the bridge incorporates a decade 
resistance box as Ra and a decade condenser as C 4 * 
For measuring inductances above 400 henries, 
capacitance Ca is increased to a maximum of 
2.11 /if by shunt connection of an auxiliary l-/if 
standard cemdenser. A rheostat controls the current 
through the bridge, which is ordinarily limited to 




METHODS FOR REDUCING INSULATOR NOISE AND LEAKAGE 


239 


40 in order to avoid saturation of the ferro¬ 
magnetic cores of induction coils under test. 

The galvanometer need not be one of especially 
high sensitivity since a minimum deflection of 
appreciable magnitude, rather than a null, is ob¬ 
tained. The galvanometer’s natural period of vibra¬ 
tion, however, is fairly important. A portable spot¬ 
light galvanometer of 2-sec. period has been found 
satisfactory at ax. periods up to 10 sec. For longer 
periods of the applied voltage, a ballistic galva¬ 
nometer of natural period 30 sec. has proved more 
useful, as it smooths out the minor fluctuations in 
the mechanically driven power supply. 

A type of indicator which has proved useful in a 
somewhat higher frequency range, namely from 1 
to 100 c.p.s., is the cathode-ray oscillograph and an 
appropriate amplifier (Fig. 3 ). In order to permit 
the use of a grounded oscillator and a grounded 
oscilloscoj^e, the input circuit of the amplifier is 
balanced relative to ground and one side of the 
amplifier output circuit is groundtKi. This apparatus 
has been used in measuring inductance and re¬ 
sistance of large magnetic generators^ of which the 
conventional HelmholU coil and the solenoid are 
familiar examples. 

* B. P, Ramsay and F. L. Yost, ‘‘Facilities Provided by the 
Kensington Magnetic Laboratory,” Terr. Mag. 52, 357-367 
(1947). 


TYPICAL MBASUltEMBNTS 

Figure 4 presents as typical results, the induct¬ 
ance and a.c. resistance of a 20-ft. square Helmholtz 
coil system. Both inductance and resistance, which 
are apparent values, increase with frequency as 
predicted from consideration of the effect of dis¬ 
tributed capacitance.® 

Figure 5 shows the inductance and resistance of a 
typical search coil having a solid ferromagnetic core. 
Resistance increases with frequency because of the 
effect of eddy currents, as predicted by Eq. ( 14 ), 
and also because of the effect of distributed capaci¬ 
tance. Inductance decreases with increasing fre¬ 
quency, in accordance with Eq. ( 15 ). The decrease 
in inductance is attributed to eddy currents, which 
delay the penetration of the magnetic field into the 
interior of the core so that the field strength in the 
interior is less than the field strength at the surface.® 
The magnetic induction and the inductance are 
thereby nnluced. The agreement of the observed 
frequency dependence of inductance and resistance 
with the predictions of Eqs. ( 14 ) and ( 15 ) justifies 
the first approximation concept of eddy-current 
effects in terms of mutual inductance. 


*L. Page and N. Adams, PrincMes of Electricity (X-^an 
Noslrand Company, Inc., 1931), p. 598. 

* R, M. Bozorth, “Magnetism,” Rev. Mod. Phys. 19, 60 
(1947). 
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Methods for Reducing Insulator Noise and Leakage 

F. M. Glass 

Instrument Department, Oak Ridge National Laboratory, Oak Ridge, Tennessee 
(Received December 14, 1948) 

A recent study of the insulator problem involved in radiation detection instruments disclosed the 
fact that insulators, in high impedance input circuits, are the predominate source of background 
noise when subjected to high voltages and high humidities. Methods for eliminating this trouble in 
some of the commonly used circuit components, and new and superior insulating materials, were 
found. 


S erious insulation problems have arisen with 
the widespread use of radiation detection in- 
struments. In certain types of detection devices 
such as alphachambers, proportional counters, and 
electrometers having high input impedances, the 
necessity for good insulators cannot be overem¬ 
phasized. In many instances where background 
noise is of sufficient amplitude to make accurate 
countmg difficult or impossible, the spurious counts 
can be traced to insulator noise. However, as a result 
of experience with past applications of insulators in 
the electronic held, engineers are prone to take the 
<)!Uality of insulators for granted, Even if the best 


insulating materials available are selected, the insu¬ 
lator may be made into a constant source of trouble 
by improper milling or molding technique. It is the 
intent of this article to point out some of the 
insulator troubles encountered and to suggest some 
preventive measures. 

Let us consider some of the common circuit com¬ 
ponents that are a potential source of trouble as a 
result of poor insulation. Figure 1 shows a con¬ 
ventional preamplifier for use with an alpha- 
chamber or proportional counter. In the grid circuit 
we note that the filter condenser, C-1, the coupling 
condenser, C-2, and any other supporting insulators 
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Fig. 1. Conventional preamplifier circuit for 
radiation counters. 

in the chamber or cable and cable connectors are 
subjected to high vpltage. All these components are 
possible noise makers, especially in the presence of 
high humidity. Since the humidity is not always a 
controllable factor in the use of radiation detection 
instruments, it is necessary to provide insulators 
which are noise^free at humidities approaching 
saturation. 


DESCRIPTION OF TEST 

In order to determine the pulse characteristic, 
frequency, and cause of insulator noise in such cir¬ 
cuits as Fig. 1, a series of tests were made under 
simulated operating conditions. The equipment 
used in these tests consisted of an Oak Ridge 
National Laboratory A-1 amplifier^ and preamplifier 
with a combined voltage gain of 300,000, a 5000-v 
power supply, a 248 DuMont oscilloscope, a 
Higinbotham scaler,- a Tobe line filter, and a 
humidity controlled test chamber (see Fig. 2). The 
test chamber was constructed with two compart¬ 
ments. One of these contained the high voltage filter 
in dry air to prevent surface noise on the 0.01 -mF 
10,0()0-v Glassmike filter condenser.* The other 
compartment, in which the insulator under test was 
placed, was humidity controlled, A special noise- 
free feed-through insulator that could take 5000-v at 
96 percent humidity was used to feed the 5000-v 
through the partition. A hygrometer mounted on 
the side of the chamber and extending through the 
wall made it possible to keep a constant check on 
the humidity. The humidity was controlled by 
passing dry or saturated air through two valves 
provided for that purpose. A small fan motor on top 
of the chamber, with the shaft extending through an 
air-tight seal, drove a small fan which thoroughly 
mixed the incoming air. This arrangement provided 
a means for testing an insulator at any given 
humidity, and at the same time maintained a zero- 
count background. 

It was observed that all insulator noise could be 


‘ W, H. Jordan and P. R. Bell, Rev. Sci. Inst. 18, 703 (194' 
* W. A. Higinbotham, J, Gailai^r, and M. Sands, Rev. S 
Inst. 18, 706 (1947). 

» manufactured by Condenser Products Coj 
pany, 1375 North Branch Street, Chicago 22, HUtiois, 


traced to one of four sources. The first and most 
annoying source of noise in good insulators is surface 
noise resulting from high humidity. When the in¬ 
sulator is subjected to high voltage, random pulses 
are produced with characteristics so nearly like 
those from ionization chambers, and with ampli¬ 
tudes of such height as to make it impossible to 
discriminate against them, when counting pulses of 
low amplitude. These pulses have a rise time of i 
microsecond or less, and amplitudes as high as 3 
millivolts.* Since shot effect and thermal noise in 
^well designed amplifiers may be as low as 3 micro¬ 
volts r.m.s. or lower, depending on band width, it is 
quite obvious that defective or noisy insulators may 
well be the determining factor in the effective 
sensitivity of the amplifier. 

The second source of noise, although annoying, 
need not be a serious handicap. It is caused by a 
change in dielectfic strain resulting from a sudden 
change in voltage across the insulator. This noise 
appears to be piezoelectric pulses resulting from 
discontinuity in the mechanical motion of the 
dielectric when seeking equilibrium. As a rule this 
phenomenon is more pronounced in materials of 
crystalline structure. However, ceramics, being 
comparatively free of this noise, are an exception. 
Only insulating materials considered suitable for 
radiation detection instruments were tested for this 
source of noise. Mica was found to produce the most 
pulses, while teflon* fluorothene* and polyethylene 
produced no pulses. This noise is relatively unim¬ 
portant in any insulator if the high voltage is turned 
on one or two minutes before the instrument is put 
in use, and if no sudden changes of voltage greater 
than 100-v occur while in operation. (See Fig. 3.) 

The third source of noise may offer some difficulty 
unless a few simple precautions are taken. It is most 
pronounced in polystyrene or polystyrene substi¬ 
tutes and results from stresses set up in machining. 
Annealing these materials at 65®C for an hour or 
more will sufficiently relieve them of stresses set up 
in the machining processes. These stresses can be 
visually recognized by use of crossed polaroids. 
After the insulator has been annealed, care should 
be exercised in mounting to prevent unnecessary 
mechanical strain. If these two precautions are 
taken, the insulator will be free of noise as a result of 
mechanical stresses. 

The fourth source of insulator noise results from 
ieak£^;e through the insulating material. The chief 
offender among frequently used insulating materials 
is mica-filled Bakelite. This noise is not present tn 


* Measuremenu were made using polystyrene sample having 
a V' leakage path. In 90 percent humidity with ^lOO-v po¬ 
tential across the sample, 

* Manufactured by E. 1. du Pont de Nemours Company, 
Inc., Plastics Decrement, Wilmington, Delaware. 

* A fluoro-e^yieiM polymer, nmnufacttired by Carbide and 
Carbon Chmicals Cmporation, Oak lUdge, Tenn0ssj|»e* 
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high grade insulating material such as polystyrene* 
mica, and teflon and fluorothene. Since it is assumed 
the designer will use only good insulating materials, 
this article will carry no further discussion on this 
type of noise. 


CABLE CONNECTORS 

Cable connectors head the list of trouble makers. 
Many of the commercially available connectors 
were tested and none of them were found satis¬ 
factory for pulsi' work when subjected to high 
voltages and high humidities. The results of these 
tests are shown in Table 1. This table shows the 
average counting rate for five samples each of the 
connectors tested. Pulses were recorded over a 
period of ten minutes for each individual test. Each 
time the voltage was advanced, a two-minute delay 
was made before starting the next count. This 
prevented the recording of counts as a result of 
change in dielectric strain. 

As a result of these tests, engineers at Amphenol, 
working with the Oak Ridge National Laboratory, 
developed a pulse fitting that is noise-free at 5000-v 
and 96 percent humidity. This cable connector has 
teflon insulation which can be successfully cleaned 
when it gets dirty. The minimum surface leakage 
path is The shell has spring fingers for low 
impedance ground connections, and the center con¬ 
nector is designed to give corona-free service. The 
.\niphenol stock numbers on these connectors are 
82 *804 and 82-805,' 


COUPLING CONDENSERS 

The data obtained from tests run on coupling con¬ 
densers were even more discouraging than that ob¬ 
tained from the cable connector tests. However, the 
noise was eliminated without design changes. Only 
two of the many condensers tested showed any 
promise of being satisfactory, Centralab’s ty|3e 
#850 high voltage ceramic series'* were by far the 
best condensers tested. They were found to be 
entirely satisfactory at low humidities but very 
unsatisfactory at high humidities. Table II shows 
some of the data obtained from this test. Since these 
condensers are noise-free in dry air, a search was 
made for a method of surface treating the ceramic 
shell to make it less hygroscopic. 

Silicones were discarded because the temperature 
necessary for baking exceeds the melting point for 
the soft solder used in the condenser assembly. Since 
it had already been demonstrated that a good 
polystyrene surface produced no pulses, several 
attempts were made to c.oat the ceramic shell with 


'Manufactured by American Phenolic 
Sou^ 54th Avenue, Chicap, Illinois. 

^.Centialab Division. Globe Union, Inc 
Av«n^s« Milwaukee I, Wisconsin. 


Corporation, 1830 
„ 900 East Keefe 


Table I. Table shows pulse repetition rate of cable connectors 
as a function of voltage and humidity. 


Sample 

Voltage 

Puleee/mm. 
at 5% 
humidity 

60% 

vo% 

Amphenol 93-C and 
93-M 

1500 

0 

0 

7 

3000 

0 

0.2 

420 


5000 

0 

2.5 

>60,000 

Amphenol-P. L. 259 

1500 

0 

0.2 

420 


3000 

0 

64 

>60,000 


5000 

0 

498 

>60,000 

Cannon Q-1-22C and 

1500 

0 

0 

68 

Q-l-SL 

3000 

0 

0 

>60,000 

0-1-22C with poly¬ 
styrene insulation in¬ 
stalled in place of 
original insulation 

5000 

0 

>60,000 

>60,000 

Amphenol A.N. No. 

1500 

0 

0 

4470 

UG-58U 

3000 

>60,000 

>60,000 

>60,000 


5000 

>60,000 

>60,000 

>60,000 

Amphenol 83-1 SPY 

1500 

0 

0 

>60,000 


3000 

8 . 

8 

>60,000 


5000 

51 

81 

>60,000 

Amphenol 83-lSPN 

1500 

50 

571 

704 

with phenolic insula¬ 

3000 

25,600 

>60,000 

>60,000 

tion 

5000 

>60,000 

>60,000 

>60,000 


polystyrene. A successful method was finally worked 
out, and is described as follows: 

(1) The condenser is washed in petroleum ether, or benzene, 
then in 180-proof ethyl alcohol, and finally rinsed in distilled 
water. 

(2) It is then baked in a vacuum oven for about one hour 
at lOOX, after this the oven is cooled to 60®C and dry air 
admitted. 

(3) The condensers are removed from the oven and while 
still warm, dipped in Amphenol 912 coil dope that has been 
cut by adding an equal quantity of 916 thinner. 

(4) They are then air-dried for 2 hours and baked at 60®C 
for one hour. The condensers can then be soaked in water for 
several hours and tested at 90 percent humidity at 5000 v and 
no pulsing will occur. 

FILTER CONDENSERS 

Another source of trouble has been filter con¬ 
densers. The Glassmike, Plasticon ASG, silicon- 
filled, made by Condenser Products Company, 
seems to be the most promising condenser for high 



Fig. 2. Block diagram of equipment used in noise tests. 
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Fig. 3. Curve showing pulse frequency decay with time, 
resulting from a sudden 1000-v change in voltage across a 
0.0001-^, 2500-v silvermiica condenser. 

voltage applications. These condensers produce no 
pulsing internally, but give considerable trouble on 
the shell surface at high humidities. However, if the 
shell is properly cleaned, no trouble will be en¬ 
countered below 3000 v at any humidity. Alcohol 
alone will not do the job, as it is not a good solvent 
for the flux that is us^ in soft soldering the ends on 
the glass rase. To clean these condensers properly, 
carbon tetrachloride should be used first to remove 

Table II. Table shows pulse repetition rate of condensers as a 
function of voltage and humidity. 


Sample 

Volt¬ 

age 

Pulw*/ 
min. 
at &% 
humidity 

60% 

90% 

50-uuf Centralab ceramic 

1000 

0 

0 

128 

not treated 

3000 

0 

28 

* >60,000 


5000 

0 

578 

>60,000 

50-uuf Centralab ceramic 

1000 

0 

0 

0 

condenser with shell scaled 

3000 

a 

0 

0 


5000 

0 

0 

0 

0.0001 microfarad 2500-v 

500 

0 

1 

16 

Sangatno silver-mica con¬ 

1000 

0 

2 

8167 

denser 

1500 

0 

11 

>60,000 


2000 

6 

122 

>60.000 

0.01 microfarad SOOO-v 

1500 

0 

0 

0 

Glassmike condenser 

3000 

0 

0 

0 


5000 

0 

0 

i 


the flhx. Then they should be washed thoroughly in 
alcohol. If voltages higher than 3000 v are used, the 
surface can be further improved temporarily by 
applying a very thin coat of ceresin wax. This is 
accomplished by dissolving a piece of ceresin the 
size of a pea in about four ounces of benzene and 
dipping the condenser in the solution. The condenser 
will then stand 5000 v at 90 percent humidity with¬ 
out pulsing. This surface, if not protected from dust, 
will soon be inferior to the plain glass surface that 
has been well cleaned. Therefore, if voltages lower 
than 3000 v are used, it is strongly recommended 
that no ceresin be applied, 

STAND-OFF INSULATORS 

At the present there are no stand-off or feed¬ 
through insulators on the market that are noise- 
free. They should be machined from teflon or 
fluorothene, or molded from jx)lystyrene, if possible. 
If molded from polystyrene, the molds should be so 
constructed that the use of wax is not required for 
unloading the mold. The mold should have an 
optical finish, and be kept immaculately clean. 
From the standpoint of surface noise, the insulator 
cannot be any better than any foreign materials 
that might be deposited on the surface. If teflon or 
fluorothene is us^, it can be easily machined, and 
no polishing is required. The only precautions 
necessary are to use a clean cutting tool and to pre¬ 
vent the finished insulator from coming in contact 
with the hands or anything dirty or greasy. When 
machining and polishing polystyrene the following 
techniques will produce good insulators. 

(1) When turning on a lathe, as little chuck pressure as 
possible should be employed, and the stock material within 
one-half inch of the chuck is not considered usable. With a 
milling machine one must use as little clamp pressure as 
possible and take only light cuts to prevent setting up mechani¬ 
cal stresses. 

(2) A sharp cutting tool that has been thoroughly cleaned 
with alcohol must be used. Sapphire cutting tools are recom¬ 
mended. 

(3) Polishing is done slowly with emerald or diamond 
powder and distilled water, using a clean lint-free rag. Chamois 
is not used as there is always some oil present. Slow polishing 
speeds are required to prevent surface heating and consequent 
imbedding of the polishing agent. Powdered carborundum 
may be used with extreme care to prevent overheating. Noi§: 
It is almost impossible to get a pulse-free surface using metallic 
oxide polishing agents. 

(4) The insulator is then polished with talc until an optically 
polished surface is obtained. 

(5) The insulator is then removed from the lathe with clean 
padded tongs and dropped in a container of distilled water 
until ready for use. The hands should never come in contact 
with the insulator during the milling or polishing process. 
Once dirty, no satisfactory method of cleaning polystyrene 
insulators has been found. 

(6) When the insulator is ready for installation It should be 
removed from the jar ci distilled water and rinsed thorougiily 
in fresh distilled water and dried in a vacuum oven, 

NoU: Almost all surface leakage is a lesult of poor poUddlit 
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technique or mishandling the insulator after it leaves the 
machine shop. 

SELECTOR SWITCHES 

High input impedance electrometers place the 
same exacting demands on insulators as do the 
input circuits of high gain amplifiers. In addition to 
the circuit components already mentioned as sources 
of trouble, we have the problem of procuring a good 
selector switch for changing input resistors to the 
electrometer. These switches often must have a d.c. 
leakage resistance exceeding 10'® ohms at humidities 
as high as 90 percent. They must be comparatively 
free of contact and stress potentials. It is also often 
desirable that they be compact for use in portable 
test equipment. Efforts to obtain these switches 
commercially have been unsuccessful. Therefore an 
intensive study of the commercially available 
switches was made to determine the feasibility of 
altering or surface treating the most promising of 
these so that they would fulfill our needs. Centralab’s 
ceramic series, the most promising of the com¬ 
mercially available switches, was studied first. These 
switches were found to be very good from the 
standpoint of contact and stress potentials. Tests 
were then run on leakage resistance, and very 
discouraging results obtained. Tests in a humidity 
controlled test chamber showed the resistance to 
vary from 5X10'^ ohms at 2 percent humidity to 
8X10'* ohms at 90 percent humidity. This indicated 
that if the switch were properly cleaned and sealed 
against moisture, the insulating properties of the 
ceramic would be satisfactory^ for our present needs. 
Other minor changes in the switch assembly made 
further improvement by lengthening the shorter 
leakage paths. After these switches had been treated 
according to the following process, the leakage 
resistances exceeded 10'® ohms and were independent 
of humidity. 

(1) The switch assembly should be removed from the 
indexing assembly and cleaned thoroughly with carbon tetra¬ 
chloride and a stiff brush, then rina^ thoroughly in ethyl 
alcohol, followed by a distilled water rinse. 

(2) The assembly is then baked for 2 hours at 100°C under 
vacuum, after which dry air should be admitted. 

(3) The switch is then removed from the vacuum oven and 
dipp^ while still hot in Amphenol 912 coil dope that has been 
thinned with two parts of Amphenol 916 thinner, agitating it 
until all the bubbles which form on the ceramic surface are 
gone. After dipping, it will be necessary to sling off all excess 
coil dope. 

(4) After allowing the switch to dry for 20 minutes in clean, 
dust*free air, the rotor should be rotated with a clean screw 
driver to remove the coil dope from the contacts. 

(5) After the switch has dried for three additional hours, 
the switch may be assembled using a polystyrene connecting 
link or shaft between the indexing assembly and the switch 
assembly. The metal spacers should also be replaced by 
spacers made from J'' polystyrene dowels in length, drilled 
and tapi^ lor 5'-40 screws. CaiUion: Do not drill all the way 
through the dowel or spacer as this provides another surface 

peth. Surfaces should be well polished. Also, the 


hands or anything that is greasy or dirty must not be allowed 
to come in contact with the ceramic insulation at any time 
after starting the cleaning process. Switches should be kept 
in dust-proof containers until such time as they are used. 
If these suggestions are followed carefully these switches will 
be found to have a leakage resistance exceeding 10” ohms 
regardless of humidity. Some of these switches have been in 
service for ten months and still appear to be satisfactory. 

METAL-TO-GLASS SEALS 

Other insulators that play an important part in- 
many detection devices are metal-to-glass (Kovar) 
seals. They are often used in metallic chambers to 
support the center electrode. Fortunately tliis type 
of glass is free of noise if properly cleaned and in¬ 
stalled. One successful method of cleaning is to 
remove all traces of flux from the surface with 
Zapon #5 thinner, then wash in alcohol and rinse in 
distilled water. Dry in a vacuum oven, if available. 
Seals having a flash-over voltage rating of eight 
times the operating voltage, should be used to insure 
noise-free operation. If these precautions are taken, 
no trouble should be encountered with these 
insulators. 

CONCLUSIONS 

Insulator noise presents a difficult problem. Es¬ 
pecially is this true when the counter voltage ex¬ 
ceeds 1500 v and the humidity is above 60 percent. 
Under such conditions the problem becomes ex¬ 
tremely difficult when counting pulses of amplitudes 
less than ISO microvolts. When accurate counting at 
low rates is required, it should preferably be done in 
an air conditioned room, with a humidity not ex¬ 
ceeding 50 percent. The insulators should be de¬ 
signed to offer a minimum surface leakage path of 
The number of parallel leakage paths should be 
held to a minimum. From the standpoint of 
economy and performance, teflon or fluorothene 
insulation should be used. The labor cost for ma¬ 
chining teflon or fluorothene is about 10 percent of 
that required for machining and polishing poly¬ 
styrene. These materials produce fewer pulses as a 
result of mechanical or dielectric strain, and produce 
far less surface noise at high humidity. If a poly¬ 
styrene insulator is accidently touched by the hand, 
it is ruined. Teflon and fluorothene, on the other 
hand, may be successfully cleaned many times. 
Neither type of insulator should be dried by rub¬ 
bing with a cloth as this charges the insulator 
causing it to attract dust. Only extreme care and 
patience will solve the insulator problem in radia¬ 
tion detection instruments. 

The author takes this opportunity to thank Mr, 
P. R. Bell of Oak Ridge National Laboratory for 
bringing to the author's attention the need for this 
investigation and for the many helpful suggestions 
which he contributed. 
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Conversion of a Motor Generator into a Low Noise Power Amplifier 
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The noise output of motor-generator sets is so large as to impair their use in precision control work. 
This paper describes a method for reducing this noise by incorporating a motor generator in an 
electronic feed-back circuit. The method is based on the use of a high frequency output channel in 
parallel with the generator to permit cancellation of the higher harmonics of the noise. Design, con¬ 
struction, and performance of an amplifier based on a i-kw M-G set are described. The noise output of 
this unit is } percent of the normal noise of the generator. 


A, INTRODUCTION 

Problem 

F or certain types of physical measurements—for 
instance, in magnetic measurements requiring a 
controllable field and in calorimetry—it is necessary 
to hold a direct current constant to a high degree of 
precision. If the load impedance is sufficiently high 
and the power requirement not exorbitant, precision 
control can be achieved with feed-back circuits using 
vacuum tubjss throughout.*** No high fidelity feed¬ 
back control has yet been described in the literature 
for these cases where it is not practical to drive the 
load from vacuum tubes. Conventional controls for 
cyclotrons or mass spectrographs,**^ for example, 
are limited in both their precision of control and 
speed of response. This is because available high 
power sources are not suitable for incorporation in 
high gain, fast acting feed-back circuits. Generators 
or thyraIrons give trouble because of their inherently 
large output ripple; this noise may produce un¬ 
wanted fluctuations in the load current, but more 
important, it introduces large signals into the feed¬ 
back amplifiers which can overload and block them. 
This latter difficulty limits the possible feed-back 
gain and hence the quality of control achievable. On 
the other hand, the size, expense, and upkeep of a 
storage battery make it undesirable when the power 
requirements are high. 

The present paper describes a practical method of 


Table I. Power amplifier—noise output. 


Kreciupncy 

Generator output noise * 

Without feedback With feedback 

Reduction 

factor 

30-60 c.p.s. 

0.40 V r.m.s. 0.15X 10"* v r.m.s. 

2500 

below 1500 

0.50 0.50 

1000 

all frequencies 

0.65 1.3 

500 


♦Now at Airborne Instruments Company, Long Island 
New York. 

1 M. E. Packard, Rev. Sci. Inst, 19, 435 (1948). 

* P<>n<lrom, and G, B. Thurston, Phys 

Rev. 73, 647(A) (1948). ^ 

* W. Y. Chang. Phys. Rev. 69, 60 (194^. 

(1938) White, Rev, Sd. Inst. 9. i< 


converting a motor generator into a low noise, con¬ 
stant gain power amplifier. Our particular problem 
has been the development of a current regulator for 
a 40-kw electromagnet to facilitate its use in the 
study of the shape of the lines due to resonance ab¬ 
sorption by nuclear^magnetic moments. The circuits 
here described apply to a small pilot model gener¬ 
ator which excites a magnet; however, they are 
being adapted to the generator for the large magnet. 
The method used and the bulk of the circuits have a 
much wider application than this, for they can be 
applied to other types of load and other power levels 
by appropriate scaling of the power stage and the 
filters. 


Generator Noise 

Table 1 gives the principal harmonic components 
in the output of the generator used in our pilot 
model. The largest components are nearly one per¬ 
cent of the generator output. The frequencies of the 
noise are harmonics of the rotational speed of the 
machine and are associated with assymetries in the 
armature and field and with the commutator seg¬ 
ments and armature slots. The tolerable output 
noise is dictated by the gain required to achieve the 
desired degree of control. Our pilot model control 
requires the generator output noise be reduced by a 
factor of 500 at all frequencies below 1 kc/sec. The 
reasoning which determines the reduction factor 
will be explained in detail in a forthcoming paper 
describing the scaling of this power amplifier for use 
in the current control feed-back circuit for our 40- 
kw magnet. 

Filtering of the generator output with an LC 
circuit is not a feasible means of r^ucing the noise. 
Aside from the expense of the filter elements capable 
of handling the high power, the design of a suitable 
filter is .very difficult because of the high inductance 
and low resistance of the load. (For the large mag¬ 
net, the load will have an inductance of 10 henries 
and a resistance of 2 ohms.) A matched filter re¬ 
quires impracticably lafge condensers, while an 
unmatched one either gives circuit instabiUl^ or 
excessively long time constants. Shprtening the i^e 
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constants or damping the filter sections results in 
prohibitive power dissipation. 

Our method of reducing the generator output 
noise was to incorporate it into an inverse feed-back 
amplifier and remove the ripple by dynamic filtering. 
This paper will give the design and performance of a 
feed-back amplifier, incorporating a 100-volt, 1-kw 
generator working into a l-ampcre magnet, which 
has been built as a pilot mt^el for the 40-kw 
system. 


Terminology and Symbols 

The following conventions will be used in this 
paper. By transfer function of a component is 
meant the complex ratio of the output voltage de¬ 
livered by the component into its load to the input 
voltage. In case there exists a feed-back channel 
external to the component, the transfer function is 
the voltage ratio when the feed-back path is broken. 
The gain at a certain frequency is then the absolute 
value of the transfer function at this frequency. 

Figure 1 gives a block diagram of a typical feed¬ 
back loop. The symbol /x will l>e used for the forward 
transfer function, i.e., the voltage ratio without 
feed-back. will be used for the feed-back transfer 
function due to the feed-back net. The loop transfer 
function will then be h. will be considered to be 
l)ositive if, in the center of the band pass, the vector 
difference of input voltage and feed-back voltage 
is less than the input voltage. The quantity 
the net transfer function, then de¬ 
scribes the behavior of the degenerative amplifier 
treated as a black box, while |A'|, the net gain, 
gives the amplitude of the response as a function of 
frequency. | Aol will mean the function evaluated at 
zero frequency. 


B. DESIGN 

The purpose of this design is to convert a stand¬ 
ard motor generator set into a power source with 
low noise output and with precisely controllable and 
variable output voltage. The upper limit on accept¬ 
able output noise is 1 mv r.m.s. at frequencies below 
1000 c.p.s. The output, working into an electro¬ 
magnet, must be variable from zero to full voltage. 

It is possible to degenerate the output noise 
(Table I) by incorporating the generator into an 
inverse feed-back power amplifier provided the sec¬ 
tion of the closed loop which contains the generator 
maintains its gain at high frequencies. The cut-off 
frequency of the loop transfer function can be esti¬ 
mated by the following rough calculation. Suppose 
the 200-c,p.8. noise is to be reduced by 60 db (i.e., 
the loop gain is to be 1000 at 200 c.p.s.), and the 
high frequency cut-off is to be at the rate of 10 db 


per octave.* Then the gain must exceed unity for all 
frequencies below 200X2*« 13,000 c.p.s. 

The generator by itself is not a suitable series ele¬ 
ment for a feed-back amplifier because of its narrow ^ 
band and non-linear response. These two factors to¬ 
gether prevent the generator from satisfactorily 
degenerating even the 30-c.p.s. component of its 
own noise output. The bad non-linearity gives seri¬ 
ous frequency multiplication of the feed-back fre¬ 
quencies,* and the higher harmonics resulting from 
the multiplication are not attenuated because the 
generator will not respond to them. One attempt to 
feed the noise back through the generator illustrates 
the results to be expected. The generator was driven 
by a d.c, amplifier and the generator output fed 
back inversely to the amplifier input. With a rather 
small amount of degeneration small), the 30- 
c.p.s. component of the generator output noise was 
reduced by a factor of ten, but harmonics with 
amplitudes comparable to the original 30-c.p.s. 
noise were added to the output. Increasing the loop 
gain to remove these higher frequencies made the 
components well outside the band pass of the 
generator overload and block the amplifier. To pre¬ 
vent this overloading and blocking of the amplifier, 
the band limiting must occur in the early stages 
rather than in the power stage. 

It thus becomes evident that a successful method 
of applying dynamic filtering to the generator out¬ 
put requires a drastic extension of the band width of 
the power stage. This extended band width has 
actually been obtained by j^irallcling the generator 
output with a hard tube as indicated in the block 
diagraJTv of the jx>wer amplifier, Fig. 2. This tube 
serves as the high frequency output for the ampli¬ 
fier, while the generator retains its original function 
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of passing the dx, and low frequencies* As shown in 
the theoretical analysis, Section C, the gain (m/?) of 
the composite amplifier is the sum of the individual 
gains of the two outputs by themselves. This addi¬ 
tion to the generator output maintains the gain of 
the power stage (Fig. 2) up to 100 kc/sec., in con¬ 
trast to the generator itself, whose gain starts to 
drop at a few cycles/sec. In its essential features, the 
problem has now become equivalent to the design of 
a highly stabilized, hard tube power supply. 

Components 

The components discussed below are shown in 
detail in the power amplifier block diagram (Fig. 2) 
and the power amplifier schematic (Fig. 3). 

Comparator 

The comparator is an adding net which derives 
the difference between the input voltage and the 
feed-back voltage. Although pictured as a unit in 
the block diagram, it is physically integral with the 
first stage of the voltage amplifier; the difference is 
obtained by sending the input signal to the grid and 
the feedback* directly to the cathode. This permits 
the comparison of the two voltages without loading 
down the input signal, which may come from a high 
imp)edance source. 

Voltage Amplifier 

The voltage amplifier has a gain of about 150,000 
and a band pass of 100 kc. This insures the loop 
transfer gain will always exceed 1000, with the 
over-all d.c. transfer gain (l/jSo) of 55 while the band 
easily satisfies the requirement that the internal 
amplifier introduce no appreciable phase shift in the 
region of frequencies below the loop cut-off. The 
desired high frequency cut-off of the entire power 


amplifier can then be obtained by insertion of ap¬ 
propriate passive elements so that the tube charac¬ 
teristics will not influence the loop cut-off. This 
means the only effect on the amplifier of tube 
variations will be a change in over-all gain, not in 
stability. At the same time, the output noise must 
be kept low, below one part in 10® of the maximum 
signal, which gives an upper limit to the noise (re¬ 
ferred to the input) of 20 microvolts in the band 
between 0.1 and 60 c.p.s. 

Figure 3 gives the circuit diagram of the voltage 
amplifier. The required gain and band width and 
cdrret:t feed-back polarity are obtained by using 
four direct-coup>led stages. The gain per stage is held 
to about 20 so that each stage can have a band of 
greater than 100 kc/sec. Even at that, to nullify 
stray capacities several types of high frequency 
compensation were incorp^^rated. The largest stray 
capacity is introduoed by the coupling batteries, 
and this was eliminated by isolating each battery 
from both the following grid and preceding plate by 
a pair of series resistors and then shunting the whole 
with a small condenser. Further compensation is 
provided by shunting the cathode resistor with a 
small by-pass condenser; the same scheme is used in 
the screens. Careful staggering of these various time 
constants will make the response as flat as one 
wishes. In this particular case, a slow change in gain 
has little significance and no special care was taken 
in choice of condensers. The actual response begins 
to rise somewhat around 50 kc/sec. 

To keep down the noise level, certain standard 
practices are resorted to. The filaments are operated 
on d.c., wire-wound resistors are used on the input 
and first stage, and bias batteries are used to couple 
from plate to grid. The effect on the output noise of 
the time constants associated with the plate loads 


VOLTAGE STAGE MWER STAGE 



Fig. 2, Power amplifier— 
block diagram. 
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of the second, third, and fourth stages, which have 
been inserted for stability reasons, is discussed at 
the end of the section on components. 

Feedback is derived from a potentiometer (Zf) 
across the magnet with center tap feeding into the 
cathode of the first stage. The imp)edance of this 
potentiometer should be high to keep the power 
dissipation down to a convenient magnitude, while 
for servicing it is convenient to have an output from 
the generator when the input grid to the amplifier is 
grounded. These two conditions, plus the fact that 
the cathode resistor is specified and the factor l/fio 
must equal approximately SO, determine the values 
of the resistances’ in the feed-back net. The 4-Mf 
condenser makes increase to about J at higher 
frequencies, thus increasing the a.c. degeneration 
w'hile maintaining the d.c. net gain. 

Generator Branch 

The generator field excitation, | ampere at 100 
volts, is supplied from a bank of hard tubes. Either 
a small motor generator set or an amplidyne would 
drive the generator field, but both of these introduce 
new complications to the problem because of the 
additional time constants and the high noise output 
of such units. Even less desirable is a thyratron 
driver, which is difficult to control over the range 
from zero to 100 volts output, has a large noise out¬ 
put, and has a considerable variation in character¬ 
istics with ambient temperature. 

Details of the driver circuit are shown in Fig. 3. 


The generator field winding, 24 henries and 200 
ohms, is the plate load for the five 6L6 driver tubes. 
These tubes have a common plate connection to the 
field winding, except for the 10 ohms parasitic sup¬ 
pressors, but each has its own cathode resistor and 
screen by-pass, which balance the plate currents in 
the various tubes and suppress parasitic oscillations 
between them. The separate grid resistors likewise 
help prevent parasitics besides preventing coupling 
between these tubes and the parallel output branch 
to the magnet. 

The actual power source for the field is an unregu¬ 
lated half-wave rectifier and a r-section LC filter 
which delivers a nominal 400 volts. Ripple and lack 
of regulation have no undesirable effect, for the 
feedback gives high degeneration for noise intro¬ 
duced at the output of the amplifier, provided no 
interaction occurs between this supply and other 
elements of the circuits. Because of dangers of such 
interaction, the generator driver power supply is 
separate from the normal plate and screen supplies 
as well as from the supply for the hard tube output 
branch of the power amplifier. 

The blocking reactor (Zl), though schematically 
it enters in the generator output branch, is function¬ 
ally a unit of the hard tube output branch and will 
be discussed in the next section. 

Hard Tube Branch 

The hard tube output branch of the power 
amplifier is a single 6Y6 cathode follower condenser- 





Fig. 3. Power amplifier—schematic. 

^See E. L. Ginzton, Electronics 17, 98 (1944), for the method of calculating the resistances. 
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coupled directly to the magnet. The design is de¬ 
termined by two principal factors, voltage swing 
and stability. 

1. Voltage swing .—The swung of the output of 
this branch must be greater than one-half volt 
nm.s. at 30 c.p.s. in order to cancel the noise output 
of the generator. This half-volt must be developed 
across the load of the cathode follower, this load 
being the magnet in parallel with the generator out¬ 
put circuit. As the generator armature itself has 
negligible impedance, the blocking reactor is in¬ 
serted between the magnet and the generator to 
increase the impedance presented to the cathode 
follower. This effectively makes the load into which 
the coupling net looks just the impedance of the 
blocking reactor, for its inductance and resistance 
are much less than those of the magnet. 

The maximum voltage swing of the cathode 
follower is determined by the product of the current 
capacity of the tube and the inductance of the 
blocking reactor. Since the blocking reactor must 
carry the entire magnet current without saturating, 
it is expensive to make its inductance very large, 
and so the cathode follower must pass considerable 
current. However, in this case the magnet available 
utilized only 15 percent of the generator current 
rating and a single 6Y6 was sufficient to drive the 
2.8-henr>^ inductance of the blocking reactor. 

2. Stability of the coupling net and magnet ,—Since 
the coupling net {Zb) and magnet form a series LC 
circuit, sufficient damping must be incoqwated to 
prevent internal oscillations in the cathode follower 
output. Although direct coupling of the 6Y6 to the 
magnet would remove the possibility of oscillations, 
condenser coupling makes the design easier because 
it prevents the d.c. voltage across the magnet from 
changing the operating point of the cathode follower. 

The 1000-iI resister incorporated in Zb overdamps 
the output circuit of the cathode follower. The value 
of lOOOn is chosen here because it works well with 
the coupling condenser and reactor (Zl) which 
happened to be available. 

In a high power application, a smaller value for 
Zt would be used because of the expense of the 
inductance. To maintain the low frequency re¬ 
sponse, the 1000-S2 damping resistor would likewise 
have to be reduced. Critical damping can still be 
maintained, however, if electrolytic condensers are 
used for coupling. 

Location of Cut-Off Filters 

The shapes of the desired loop transfer functions 
(Section D) determine the high and low frequency 
cut-offs of both the high frequency and low fre¬ 
quency output channels but do not specify how 
these cut-offs should be obtained nor where the 
necessary components should be located. A large 


part of the frequency response of the loops is in¬ 
herent in the major components, such as the gener¬ 
ator, the magnet, and the blocking reactor. Com¬ 
pensation for the response of these units to give the 
desired over-all frequency characteristic is accom¬ 
plished by introducing appropriate RC high pass or 
low pass filters. Two factors are important in de¬ 
termining the best location of these filters, the actual 
location being determined by a consideration of the 
conflicting requirements of the two factors, 

1. Because of their effect on noise, these filters 
should be located as late in the circuit as possible. 
Insertion of a filter narrows the band width of the 
amplifier. Since the signal passes through the entire 
amplifier, the attenuation of the signal is the same 
no matter where the band limiting occurs physically. 
The attenuator cuts down the noise band width only 
for noise originating before the filter; hence the out¬ 
put signal to noise ^will be best if all the filtering 
occurs in the output stage. 

2. Because of blocking in the amplifier, the band 
limiting should be introduced at low level. Only 
those signals can block the amplifier whose fre¬ 
quencies lie outside the loop band width, for the 
degeneration of the closed loop keeps all extraneous 
signals inside the band at very low level. Blocking 
from out-of-band noise must be prevented by 
limiting the band pass of the feed-back loop at a 
sufficiently early stage to prevent this noise from 
overdriving any of the stages inside the amplifier, 

A compromise between these two factors is 
achieved by inserting cut-off filters Zu Za, Za, on the 
outputs of the second, third, and fourth stages. 

C. THEORBTICAL ANALYSIS 

The use of feedback to reduce the noise is par¬ 
ticularly effective in the present instance since the 
noise source (the generator) immediately precedes 
the load. This permits the noise voltage across the 
load to be reduced by a factor equal to the loop 
gain, which can be made very large. A block dia¬ 
gram of the feed-back circuit is shown in Fig, 1 in 
which the noise voltage is appropriately shown as 
added separately immediately before the load. The 
entire voltage output Fo is related to the input 
signal Vi and the noise N by 

Fo-M(F,-^Fo)+iV. (1) 

so that 

V,^lfx/(l+MVi + LN/{l+M ( 2 ) 

The expression (2) shows that when the loop gain, 
MiS, is large the over-all gain is l/jS, the reciprocal of 
the feed-back gain, and also the noise content of the 
output is reduced by the loop gain. If the noise 
source is situated earlier in the circuit, the noise is 
reduced by only a fraction of the loop gain. 

To utilise this scheme, it is necessary that the 
over-all circuit have an extremely broad frequency 
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Table IL Power ampli^er—transfer function elements. 



response for reasons outlined in Section B. The addi¬ 
tion of a high frequency channel to produce this re¬ 
sponse introduces, besides the possibility of insta¬ 
bility in the entire circuit, the added possibility of 
near cancellation of the responses of the two chan¬ 
nels in the frequency region where the gains are 
nearly equal. Were the latter to occur, the loop gain 
would be small in the stated frequency region and 
the noise there not filtered effectively. In addition, 
the circuit might become unstable with small 
changes in some of the parameters of the circuit.' It 
is possible, in other cases, for the circuit to be 
unstable even though the responses of the two 
channels add and maintain a high value of the gain. 


This occurs, for example, when the low frequency 
channel falls at —12 db/octave while the high fre¬ 
quency channel rises at +12 db/octave. The sum of 
the vector responses of the two channels gives a high 
value of the gain, but the over-all transfer function 
is such as to make the Nyquist diagram enclose the 
point ( — 1, 0), showing that the circuit is unstable. 
Incidentally, in the extreme situation described the 
individual channels are separately unstable. If the 
usual criterion of ± 10-db/octave change rates were 
observed in order to make these channels separately 
stable, the over-all circuit would be unstable, 
nevertheless. 

A simple criterion with respect to instability can 
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be stated in terms of the relative phases of the 
transfer functions of the two channels at crdss-over. 
It can be expressed in terms either of the phases or 
of the rates of change of the amplitudes of the 
transfer functions, since phase and rate of change of 
amplitude are intimately connected.** If the ampli¬ 
tude changes as 6n db/octave over several octaves, 
the phase is «(t/ 2) degrees at the center of the re¬ 
gion on a log frequency scale. The criterion is: if the 
relative phase at cross-over is 180® or greater, the 
system is unstable. Moreover, if the relative phase 
is close to 180°, near cancellation takes place. A 
proper design is one in which the relative phase at 
cross-over is small. 

Certain elements were introduced into the circuit 
to properly shape the high frequency cut-off and to 
obtain a suitable type of cross-over. These are the 
cut-off filters Zu Ziy and Zi in the amplifier and the 
cross-over network Zc, shown in the circuit diagram 
Fig. 3. The shaping of the high frequency cut-off 
followed standard criteria.® For a discussion of the 
location of these filters in the circuit, see Section B. 

The proper design of the cross-over net, however, 
requires an analysis of the circuit. This is also true 
when any scaling is performed to adapt the circuit 
to loads different from that described here. It is 
necessary for this purpose, however, to include in 
the analysis only those time constants of the order 
of 3X10^® sec. and larger since the cross-over region 
extends from about 3 to 50 c.p.s. 

The voltage across the magnet Vm is a linear 
combination of the voltage output of the generator, 
Viy (whose armature has essentially zero imped¬ 
ance) and the voltage on the grid of the hard tube 
(the6Y6), 

(3) 



Fig. 4. Power amplifier—transfer function. 


** See reference 5, Chapter XIV, 


The transfer functions Fjy and Yl refer to the load 
circuit as it affects the high and low frequency 
channels, respectively. They, like the transfer func¬ 
tions which follow, are described in Table 11. In¬ 
cluded in the table are simple equivalent circuits 
appropriate to the various transfer functions. The 
symbol “p*' in the transfer functions denotes the 
complex frequency: the numerical values of the 
time constants and the gains are listed in the last 
column. Some of the transfer functions listed are 
only approximate but are sufficiently accurate in 
the stated frequency region for design purposes. The 
simplicity of the expressions listed for Yu and Yj^ 
arises from the fact that in the immediate vicinity of 
the cross-over point the two capacitances, 220 ^f 
and *4 ^ft have negligible impedances. 

On tracing the voltages Vl and Vu back toward 
the comparator it is seen that 


If 

(4) 

Vi^YoYclV^, 

(5) 


where Va is the voltage output of the amplifier, 
Ycu in (4) is the transfer function of the cross-over 
net as it affects the high frequency channel. In the 
cross-over frequency region, as well as at higher 
frequencies, this is unity. Yci in (5) is the transfer 
function of the cross-over net as it affects the low 
frequency channel; it is described in Table 11, Ya in 
(S) is the transfer function of the generator, the 
ratio of the output voltage of the generator to the 
grid voltage of the 6L6 tubes. 

The voltage amplifier and the feed-back network 
are common to both channels. The voltage output 
of the amplifier is 

Va^YaVe. ( 6 ) 

where Fjp is the output of the comparator and Ya is 
the transfer function of the amplifier. When the 
input is zero, 

Vk^Y^Vm. (7) 

Here Y^ is the transfer function of the feed-back 
network. 

On composing the various elements which are in 
series, the loop transfer functions of the high and 
low frequency channels arc readily seen to be 

(f^h^YuYcHYAYfi, (8) 

(Mfi)L--Yi^YaYctYAYt,. 

Finally, (3) shows that the over-all loop transfer 
function is the sum of these: 

* (Yu Ych+ Yi Ya Ycl) Ya F^. (9) 

A plot of the transfer function is shown in 
Fig, 4 where log amplitude is plotted against log 
frequency, Actudly, this curve is an experimentally 
determined one; the graph of (9) agrees with it in all 
essential details. The cross-over frequency is 10 
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c»p.s., and tbc gain there is ^700. The lowest value 
of the gain in this region is ^500. In the region im¬ 
mediately about the cross-over point the low fre¬ 
quency channel rises at somewhat less than +6 
db/oc'tave while the high frequency channel rises at 
+ 12 db/octave. Consequently, the circuit stability 
is not destroyed by the behavior at cross-over. Also 
the gain remains high. These results are achieved by 
insertion of the cross-over network, which causes 
the low frequency channel to decrease its gain be¬ 
ginning at 0.3 c.p.s. and then to increase its gain at 
5 c.p.s. The effectiveness of the cross-over net is 
brought out by considering the circuit without it; 
the transfer functions arc obtained from (8) and (9) 
by deleting Tc//ami Fcl. The cross-over now occurs 
at 20 c.p.s.: at the intersection increases at a 

rate of roughly +6 db/octave and (fxfi) i at a rate of 
roughly “6 db/oc:tave. The relative phase of the 
two channels at cross-over is just within the criterion 
for stability. A large <legree of camellation takes 
place so that (m/3) is small in spite of the individual 
gains at the intersection being 350. The near 
cancellation almost makes the system unstable and 
detracts seriously from the filtering action on the 
large 30-c.p.s. component of the generator output. 

B. PERFORMANCE 

Transfer Function 

The performance of the unit as a power amplifier 
is determined by two factors, the circuit noise and 
the loop transfer function m/ 3. The methods used to 
keep the circuit noise at a low level were discussed in 
Section B. The following paragraphs will discuss 
determination of the transfer function and its 
significance. 

The amplitude of the transfer function, |m/ 31 of 
the composite amplifier is shown as the solid curve 
in Fig. 4. It is measured by opening the connection 
between Zf and the comparator and feeding an in¬ 
put signal to the comparator in place of the inter¬ 
rupted feed-back voltage and measuring the output 
from Zr. The ratio of this output to input is Im/S]. 

Figure 4 shows the measured transfer functions of 
the high and low frequency outputs as well as the 
composite one. The high frequency output was ob¬ 
tained in the same manner as the composite transfer 
function except that during its measurement the 
generator was shut off. Similarly, the low frequency 
output was measured with the input to the 6Y6 
magnet driver removed. 

The stability of the circuit is determined by the 
slope of the composite transfer function at the high 
frequency cut-off and the slopes of the two output 
functions in the region where their gains are equal 
(cross-over region). The high frequency cut-off will 
not render the closed loop unstable because the 
slope in the neighborhood of unity gain is —6 
db/octave. Moreover* since this slope is maintained 


far on either side of the unity gain point (25 kc/sec.) 
the stability will be maintained in spite of wide 
variations in the gain of the amplifier. It was to 
achieve this reliability that the band width of the 
basic amplifier was extended to 100 kc/sec. 

An attempt was made to keep the relative phase 
less than 120° in the cross-over region in order to 
maintain a large value for the amplitude of the 
composite transfer function. This was achieved in 
the region above 10 c.p.s. but just below this, where 
the composite ciu*ve is beneath the low frequency 
output, the phase somewhat exceeds 120°. 

One of the features of this circuit is that a change 
in the gain of the voltage amplifier will have no 
effect on the stability in the cross-over region, for 
this amplifier is common to both outputs and will 
not change their relative phase. The gains of the 
sections of the amplifiers which are not common to 
both are small, being 2.5 for the low frequency out¬ 
put and 0.6 for the high. Hence, nothing but a 
major component failure can seriously disrupt the 
performance in this region. 

The relative phase can be adjusted by a passive 
filter (Zr) only if the gains at cross-over are high. 
This is achieved by making J\\f large and Tai small 
(Table II). At the same time, the coupling condenser 
in Z// must be large enough to present a negligible 
impedance in this region. 

The noise reduction when the loop is closed is 
given in Table I. The column labeled “Generator 
output noise without feedback,“ gives the measure¬ 
ments of the noise made between the blocking 
reactor and the magnet with the generator field ex¬ 
cited from batteries, and so includes the static 
filtering provided by the blocking reactor. The next 
column, “Noise with feedback,'* shows the effect of 
the dynamic filtering produced by closing the feed¬ 
back loop. The d.c. output was around 100 v for 
these measurements. The table shows the noise re¬ 
duction factor for the 30-c.p.s. and 60-c.p.s. com¬ 
ponents taken together is 2500, which corresponds 
satisfactorily with the measured amplitude of the 
transfer function in this region (Fig. 4). 

Besides this high frequency noise, there are low 
frequency variations of the generator output arising 
from other sources. One of them, the d.c. drift, is 
due to temperature changes affecting the resistances 
in the feed-back net. No temperature compensation 
was included in this model. The d.c. drift after warm 
up was 4X10^* part/min. measured over a 6-mmute 
interval. There was also present a low frequency 
fluctuation of about 0.1-c.p.s. frequency and 4-mv 
peak amplitude which was in some way associated 
with changes in the rotational frequency of the 
generator. 

This work was supported by the Rutgers Uni¬ 
versity Research Fund and by the joint program of 
the ONR and the AEC. 
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The bridge described has been developed for reasonably accurate measurement by direct balance 
of capacitance and conductance in the frequency range 50 c/sec. to 5 mc/sec., and over most of this 
range is essentially direct reading in the two admittance components with negligible unbalance from 
lead effects or guard circuits of the unknown. These properties are realized by using two circuits 
developed from the work of others. The first employs inductively coupled ratio arms to minimize 
residual impedance effects and unbalance by guard circuits, the second, a conductance shifter wye net¬ 
work with good high frequency properties and an essentially linear conductance reading. Design 
considerations and limitations of these circuits are discussed, as are suitable test cells and auxiliary 
equipment. 


1. INTRODUCTION 


T he bridge described here has been developed 
for use in investigations of complex dielectric 
constants of polar liquids and solids over a wide 
frequency range, the primary objectives having 
been to obtain data of reasonable precision in as 
convenient and simple a form as possible. To 
achieve these ends, the circuit design has been 
arranged to achieve adequate precision on a direct 
rather than substitution balance, unwanted im¬ 
pedances can be neutralized to the extent that they 
do little or no harm, and the adjustments for bal¬ 
ance are so arranged as to be essentially direct 
reading in both capacitance and conductance of the 
unknown. 

The basic circuits by which these properties are 
obtained are by no means new, and all that can be 
claimed for the present work is their development 
into a tested instrument usable over a wide range of 
experimental conditions. The first of the charac¬ 
teristic features is the use of a closely coupled trans¬ 
former with unity turns ratio as equal ratio arms in 
a Wheatstone bridge circuit, as shown in Fig. 1(a). 
This scheme was, so far as we know, first described 
by Starr^ (hybrid coil method), and has the ad¬ 
vantage over the conventional use of matched 
impedances that, because of the transformer action, 
any residual impedance or voltage developed across 
one coil is reflected across the other by the mutual 
inductance between the pair. By this arrangement, 
unbalancing effects in the bridge proper are^ largely 
neutralized, and, what is even more useful, un¬ 
wanted admittances^ which are necessarily as- 


This paper is based in part on a portion of the thesis 
submitted by P. M. Gross, Jr,, in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy in the 
Graduate School of Brown University, October, 1948. 
Virgink^”^ University of Virginia, University, 

f"?.- Wireless, 9, 615 

(1932).^ also B. Hague, 4. C. Bridge Methods (Pitman Pub- 
lishmg Corporation, London 1945), Sth Ed.. 

In this pawr, we describe an electrical property as an 
^mittance rather than its reciprocal, impedance, whenever 
this 18 more simple and natural. 


sociated with the unknown admittance or its 
connection to the bridge can likewise be made 
unimportant. 

A typical unknown is indicated sc'hematically in 
Fig. 1(b) as a three-terminal test condenser com¬ 
prising test electrodes D and R and a guard elec¬ 
trode £, the latter to be maintained at the potential 
of D in order to prevent surface leakage and, if 
desired, provide a better defined geometric capaci¬ 
tance between D and E, The admittance between E 
and R ordinarily affects the balance conditions, 
however connected, and must be accounted for by 
a second balance with a different connection to the 
bridge.* In the present circuit, the admittance ER is 
connected to the correspondingly lettered terminals 
of the bridge in Fig. 1(a) and is across one trans¬ 
former winding. To the extent that the transformer 
is ideal, no change occurs in balance conditions be¬ 
cause the admittance is electrically reflected across 
the other winding and the ratio arms remain equal. 

The third admittance of the three-terminal un¬ 
known, between D and the guard electrode E, 
appears across the detector, and hence the only 
effect is on the sensitivity of the detector. The final 
result is thus that only the direct admittance be¬ 
tween D and R affects the bridge balance. The 
capacitance and leakage of necessary leads from the 
unknown to the bridge can also be taken care of in 
the same way by employing coaxial shielded leads 
from electrodes P and 72, the shields being connected 
to point E (normally grounded). The cables, to the 
extent that they can be regarded as simple two- 
terminal admittances, then are connected across 
either the ratio arm ER or the detector, with the 
effects already described. The guard compensation 
effect was apparently first employed by Young^ in a 
bridge designed for measurement of small vacuum 
tube interelectrode admittances with a working fre¬ 
quency of 465 kc/sec. 

* See* for example* L. Hartshorn, Radio Frequency Measure^ 
ments by Bridge and Resonance Methods (John Wiley Be Sons, 
New York, 1941). 

«C H. Young, Ball Lab. Record 24* 433 (1946). 


252 



WIDE RANGE CAPACITANCE-CONDUCTANCE BRIDGE 


253 


For dielectrics and electrolytic systems, the meas¬ 
ures of admittance are most conveniently made 
capacitance and either conductance or dissipation 
factor. Suitable variable standards of capacitance 
are a relatively minor problem, but measurement of 
the dissipation components with convenience and 
accuracy has long been a serious measurement 
problem, particularly at radio frequencies. For the 
present bridge, a conductance 'shifter circuit has 
been developed on the basis of an arrangement in 
the vacuum tube bridge mentioned above.^ Young 
does not describe the conductance circuit used by 
him in detail, but it was apparently not designed for 
precision measurement or for use at more than one 
frequency (465 kc/sec.). 

The basic scheme from which our conductance 
network was evolved is shown in Fig. 1(c). The 
three terminal wye network is connected across the 
standard and unknown arms of Fig. 1(a). The 
conductance G sets the range of conductance un¬ 
balance between these arms which can be effected 
by shifting the tap on a low resistance divider be¬ 
tween points L and R. The use of the divider thus 
splits the conductance G into two variable parts, one 
across each bridge arm. If the tap is moved to the 
left, the conductance across LD increases while that 
across RD decreases, the variation of conductance 
l>eing nearly linear if the product of the total divider 
resistance 2fo and conductance G is sufficiently small 
compared to unity. The range of conductance 
change which can be producen:! to compensate an 
unknown equivalent parallel conductance in the 
right arm is evidently the value of the conductance 
G, which can be chosen within quite broad limits to 
give desired ranges. 

The advantages of this conductance shifter are: 
it is essentially direct reading in conductance; its 
range can be simply changc'd; the major residual 
errors are small and quite simply investigated. The 
nature and magnitude of residual errors in both this 
network and in the ratio armvS must, of course, be 
considered, as is done in the next section and in 
Section III. 


n. RATIO ARMS 

A. Design Considerations 

The compensation by inductive coupling of ad¬ 
mittances or induced voltages across one coil of a 
transformer used for ratio arms is perfect only when 
the transformer is ideal, i.e., when the two coils are 
identical with unity coupling and no losses. As dis¬ 
cussed below, matching of the two coils to better 
than 0.1 percent is readily possible, and the dis¬ 
cussion here is confined to the effects of imperfect 
coupling and losses. 

As is well known, inductances in general and 
mutual inductances in particular are in practice far 


from ideal, owing to distributed capacitances and 
dissipative losses resulting from skin effect, core 
losses, dielectric leakage, etc., as well as ohmic re¬ 
sistance. The effects are not accurately described by 
any simple equivalent circuit containing only fixed, 
simple impedances, but a sufficient approximation 
to the properties of coupled ratio arms for this dis¬ 
cussion is shown in Fig. 2. The coils are represented 
by an inductance L and resistance r in series, and a 
common mutual inductance M. Distributed capaci¬ 
tances are represented by the admittances yi and 
across L and r, which can also represent any other 
shunting admittances, such as guard to ground 
admittance of an unknown. If yi and y% are not 
equal, the point E will not be the elec:trical midpoint 
between points L and R and the admittances Yl and 
Yh in the standard and unknown arms must be 
different if the bridge is to balance (potential of D 
equal to that of E), 

The effect of dissipation (r>0) and imperfect 
coupling {M<L) is conveniently expressed by the 
difference between Yi and Yr necessary to obtain 
balance. Letting Yl^Yr-AY and i(FL+ Fij)= F, 
we obtain by standard methcxls the result in com¬ 
plex notation that at balance 


AY 

—“(yi-ys) 


r-f-jco(L~if) 

1+i (3*1+y») - 




( 1 ) 


if the approximation is made that L+3/—23/, i.e., 
the coupling is good, but not so good that the differ¬ 
ence L — M can be neglected. 

At sufficiently low frequencies, distributed capaci¬ 
tance is unimportant and only resistive unbalance 
of the shunting admittances y need be considered. If 
yi—y 2 =l/r' and the second term of the denomi¬ 
nator in Eq. (1) can be dropped, we obtain 

AF/F«r/r'+jw[(L-A/)/r'], (2) 



•-^vvvvVVVVVVV^ 
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Fio. 1. Basic bridge circuits. 
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Fig. 2. Equivalent circuit of ratio arms and 
balancing admittances. 


If the unknown admittance Vr is a pure con¬ 
ductance G and the balance error A F is written as 
AG+jwAC, we obtain from Eq. (2) the two con¬ 


ditions 

AG7G= —r/r', 


(3) 


the assumption being made that toC«G and hence 
These results can l>e conveniently used to 
verify experimentally the adequacy of the equiva¬ 
lent circuit of Fig. 2. as shunting one ratio arm by a 
known resistance f' should require conductance and 
capacitance changes independent of frequency, the 
former only to the extent that the equivalent coil 
resistance is independent of frequency. This has 
been found true at audiofrequencies for suitable 
ratio arms, except that the conductance change AG 
increased slowly with frequency, as would be ex¬ 
pected because of non-ohmic losses. 

At high frequencies, a capacitative shunt admit¬ 
tance has the most serious unbalancing effect on the 
ratio arms. Consider a difference of shunting admit¬ 
tance given by y\^y %^and assume that the 
unknown is primarily capacitative so that to a suffi¬ 
cient approximation F=jwC. Then the balance 


errors are from Eq. (1) given by 

— wVCC', /^\ 

AC=-w^(i:-A/)CC', 

the second term in the denominator of txp (1) again 
being neglected.* The coil resistance r at high fre¬ 
quencies increases with frequency roughly as a 
fractional power of the frequency. The conductance 
error AG will thus increase somewhat more rapidly 
than frequency squared, and the capacitance error 
roughly as the sejuare of frequency. These con¬ 
clusions have been verified at radiofrequencics by 
placing a fixed condenser across one ratio arm, with 
results consistent with Eqs. (4). 

B. Construction and Performance 

A number of ratio arms have been wound, and the 
details of three of these, which together cover the 
range 50 c.p.s. to 5 mc/ser., are given in Table 1. 
The use of several pairs of ratio arms for the entire 
range of frerjuencies simplifies design, although it 
might be possible to wind a single pair of coils suffi¬ 
ciently well balanced and of sufficient inductance. 

For the lowest frequencies (50 c/scc. to 20 
kc/sec.), the core of a small audio transfonner was 
used. The final winding was balanced to less than 
0.05 percent by removing two turns from one coil 
and adding about 0.07-ohm resistance to this coil. 
The values of equivalent series resistance r at 1 
kc/sec. and the inductance coupling defect L —Af 
were determined from Eqs. (3) as described in 
Section II-A. The self-inductance of either coil was 
estimated from its impedance variation with fre¬ 
quency and voltage resonance. At the low frequencies 
for which this pair of ratio arms is intended, dis¬ 
tributed capacitance effects are not important, and 


Table I. Constants of inductively coupled ratio arms. 


Ratio arms, range 

Form 

Winding 

L(ph) 


rCuhma) (L—A/)(#*/») 

A. 50 c.p.s.~-20 kc/sec. 

Laminated iron 
core. Winding 
space, 1.6 cm 
square by 0.7 
cm deep 

250 turns each coil, 
No. 30 dec wire, 
wound in opposite 
directions from 
center top 

4300 (1 kc/sec.) 


5.9 (1 kc/sec.) 17 

B. S kc/sec.-500 kc/sec. 

Toroidal dust 
core. 4.0 cm 

LD., 1.4 cm 
wide, 0.45 cm 
thick 

220 luma each coil, 
No. 24 enamel wire, 
wound as a pair in 
two layers 

200 

1500 

0.8 (10 kc/sec.) 1.8 

LO (200 kc/sec.) 

3.4 (500 kc/sec.) 

C. 200 kc/sec.-S mc/sec. 

Toroidal dust 
core 1.2 cm 

LD., 0.7 cm 

diameter 

section 

30 turns each coil, 
No. 26 dec wire 
wound as a pair in 
one layer 

7.3 

45 

1.0 (1 mc/sec.) 0.54 


* This approximation is not necessarily a good one if both shunt admittances, yi and ys. are large. If, for example, these y*s 
are capacitative, a resonance denominator of the form (I—«*(L—Jlf)C) results. Equations (4) must therefore be used with some 
caution. 
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no attempt was made to estimate the equivalent 
shunt capacitance. 

The ratio arms for the frequency range 5 kc/sec. 
to 500 kc/sec. were made by winding a pair of wires 
in two complete layers on a toroidal powdered iron 
core, the turns and dimensions being as indicated. 
The equivalent circuit parameters r and L — M 
were obtained by the effect on bridge balance of 
unbalanced capacitance across one coil and use of 
Eqs, (4). The self-inductance L and shunt capaci¬ 
tance C were estimated by voltage resonance with 
and without an added known capacitance in parallel. 
The large value of 1500 MMf for C may seem sur¬ 
prising, but it is to be expected from the method of 
winding which puts turns with a large potential 
difference in close proximity. The unbalance of the 
two coils was found to be less than 0.02 percent 
without adjustment. Two remarkable features of 
such toroidal windings in practice are the closeness 
of balance obtained if the coils arc wound as a pair, 
and the fact that considerable maltreatment by 
displacing and squeezing turns makes only trivial, 
barely measurable changes. 

The ratio arms for the range 200 kc/sec. to 5 
mc/sec. are a small scale version of the second coil 
already described, with a smaller form and fewer 
turns. The initial balance was off less than 0.2 
percent up to 5 mc/sec. The parameters r, L —A/, 
and L were determined in the same way as for the 
preceding ratio arms but at higher frequencies as 
indicated in Table 1. This coil is the least satis¬ 
factory of the three, as its coupling is decidedly 
poorer, and it cannot be used as generally to com¬ 
pensate guard and lead capacitances as can the 
other two at lower frequencies. This type of use is, 
however, increasingly academic at frequencies much 
above 1 mc/sec, because of distributed impedances 
in connections to an unknown. 

Examples of the accuracy to which the ratio arms 
can be balanced have already been cited, and it re¬ 
mains to illustrate the effectiveness of compensation 
for unbalanced admittances across these arms. 
Representative data for each of the ratio arms de¬ 
scribed in Table I are given in Table 11. In this table 
are listed the changes in conductance AG and 
capacitance AC which are necessary to rebalance the 
bridge after shunting one ratio arm with the impe¬ 
dance stated. These changes, of course, depend upon 
the admittances in the standard and unknown arms, 
and these are also stated. The calculated unbalance 
values were computed from Eq. (1) using the^ 
initial values of G and C and the values of the ratio 
arm resistance r and uncoupled inductance L^M 
given in Table L 

The effectiveness of the ratio arms in minimizing 
undesired unbalance from guard or lead admittances 
across one coil is evident from Table II. At 200 kc, 
for example, a capacitance of 1000 so placed 


Table II. Effect on bridge balance of shunting one ratio arm. ' 


Hatio amu. 
frequency 

KaUo Arm 
shunt 

Initial admittance 
(7(Mn)ho) 

Admittance unbalance 
A(7(/imho) AC(/tMf) 

Obfl. Calc. 01m. Calc. 

A , 100 c/aec. 

1000 ohms 

0.6 

300 

0.0031 

0.0027 

1.9 

1.6 


1000 

60 

300 

<0.001 

6X10-’ 

0.3 

0.25 

A, 6 kc/nec. 

100 ohms 

0.6 

300 

0.027 

0.035 

19.2 

18 


lOOOM/iif 

0.5 

300 

0.0021 

0.00)8 

<0.05 

0.006 

B, 6 kc/aec. 

100 ohms 

5.0 

300 

0.040 

0.030 

2.9 

2,5 


1000 MMf 

6.0 

300 

<0.001 

3X10 ^ 

<0.05 

0.005 

B, 200 kc/«jc. 

100 ohms 

60 

300 

H.6 

7.1 

2.5 

4.0 


1000 

50 

3(X) 

0.02 

0.7 

0.6 

0.9 

C, 200 kc/sec. 

100 ohms 

50 

300 

2-04 

2.0 

2.4 

2.6 


1000 

50 

300 

0.12 

0.43 

0.16 

0.20 

C. 2.5 mc/sec. 

1000 ohms 

50 

10 

1.2 

1,3 

0.05 

0.03 


1000 (^ms 

50 

300 

34 

38 

0.50 

0.3 


50MMf 

50 

300 

3.0 

4.0 

1.8 

1.9 


changes the balance for a direct capacitance one- 
third m large by less than 1 /t^f (<0.3 percent). The 
compensation is least effective at the highest fre¬ 
quencies, owing to the relatively larger uncoupled 
inductance of ratio arms C. The conductance un¬ 
balance for a shunt of 1000 ohms is even at 2.5 
mc/sec. about one-thirtieth what it would be if this 
resistance were placed in one of the working arms of 
the bridge. 

An equally interesting result is the generally good 
agreement lietween observed and computed un¬ 
balances, which gives one confidence in the use of 
the simple equivalent circuit of F'ig. 2 and of the 
unbalance expression, Hq. (1), to predict the effect 
of residual impedances on measurements. 

III. CONDUCTANCE SHIFTER NETWORK 

This circuit is subject to a number of limitations, 
the more important of which are a non-linear scale 
for too large values of the range conductance G, 
failure of this element to be a pure conductance of 
constant value, and residual effects causing the 
tapped low resistance not to act as a simple divider 
at high frequencies. 

A. Non-Linearity 

If the divider is made up of resistances so as to 
give a linear change of resistance with tap setting, 



0 20 40 so 00 too 

SCALE REAOiNG 


Fig, 3. Corrections for non-ltnearity of conductance shifter 
network in 100- and 30-Mmho ranges. The scale error is referred 
to a full scale reading of 100 divisions. 




256 


ROBERT H. COLE AND PAUL M. GROSS, JR. 



Fig, 4. Vertical section of electrolytic cell for conductance 
network tests. The body of the cell is 10 mm o.d. tubing. Cell 
constant approximately 10 cm“^ 


the resistances to left and right of the tap in Fig. 1 
can be expressed as ro--ro(s/100) and ro+fo(VlOO), 
where the setting s varies from 0 to 100. The equiva* 
lent conductances thrown across the standard and 
unknown arms are readily shown from the wye- 
delta-transformation* to be 


Gi = 


1 + (V100) 




l + iGro(l-(s/100y) 


-G, 


~G. 


H-iGro(l-(^/100)2) 

The conductance difference for a given 5 is then 


1 

Gz,-G« =-(5/100)C. 

l + ^Gfo(l-(5/100)2) 


(5) 


If the product ^G>o is neglected, this reduces to 


Gl“6\-(5/100)G, (6) 

and the conductance difference is linear with setting 
s of the resistance divider, the range being from zero 
to G. 

The departure from linearity increases with the 
value of the product Gro. In the present circuit 
ro=«100 ohms, and the largest value of G used is 
100 /imho, whence Gro —0.01. From Eq. (5), the 
maximum absolute error in G is 0.19 /tmho at a 
setting of 57 /imho and the maximum fractional 
error 0.5 percent at small settings. 

This non-linearity becomes negligible for suffi¬ 
ciently small values of G (10 /tniho or less for less 
than 0.05 percent error) and the small correction for 
somewhat larger values of G is simple to make. The 
procedure adopted by us has been to calculate and 
plot a series of differences to be subtracted from 
observed readings so that the corrected reading Si 
gives the actual change in G when used in Eq. (6). 
The formula for the purpose is readily shown from 


• See, for example, reference 3. p. 128, 


Eqs. (5), and (6) to be 


S—Si 


(1-(5/100)^) 

l + ^Gr,il-{s/my) 


(iGro). 


Values of the correction 5—sj as a function of 5 for 
the values ro^lOO ohms, G«100, 30 /tmho are 
plotted in Fig, 3. 


B. Effects of Residuals 

Neither the range conductance G nor the divider 
cjrcuit can be assumed to be purely dissipative ele¬ 
ments because of their distributed inductance and 
capacitance. The resistances used for G in our 
applications exceed 10,000 ohms in value and for 
such resistances the dominant residual is shunt 
capacitance. If the divider were a pure resistance, 
small compared to 1/G, a change of its setting would 
merely ''split*' the capacitance of G in profxirtion to 
the setting and a simple correction to the apparent 
measured capacitance would suffice. 

Actually, of course, any divider must have re¬ 
sidual impedances. In our case, this divider is made 
up of constant, low inductance one- and ten-ohm 
decade resistors, a 100-ohm fixed resistor and a one- 
ohm slide wire, as shown in Fig. 5. The major 
residual effect is from the series inductances of these 
elements, the total series inductance L being about 
1,7 /ih. Because of the constant inductance feature 
of the decades, the primary effect of inductance is to 
increase the total impedance of the divider by the 
factor H-(«/V2ro)*, where 2ro is the total divider 
resistance. This factor makes the apparent con¬ 
ductance of the unknown larger than the true value, 
the error being 2.5 percent at 3 mc/sec. for the 
values 1.7 /ih, fo» 100 ohms of the circuit used. 

The second important residual limiting the ac¬ 
curacy of the conductance network has been found 
to be the increase in value of the conductance G at 
high frequencies. The conductances used by us were 
Western Electric Type 170,176A deposited carbon 
resistors. The tests described below indicate that, as 
stated by the makers, the frequency for a given 
percentage increase varies inversely with the value 
of G. For a one percent effect the ratio f/G was 
found to be 0.07, where/is expressed in mc/sec, and 
G in /tmho, and the error at lower frequencies varied 
roughly inversely as the frequency. Thus a resist* 
ance of 10* ohms can be used up to 7 mc/sec. with 
less than one percent effect, while for a resistance of 
10* ohms the correspondhig limit is 70 kc/sec. 

A number of other residuals should be considered: 
the variation in inductance of the slide wire with 
setting, skin effect in the divider resistances, incipi* 
ent LC resonance of the divider inductance and the 
capacitance of G, and various direct or mutual 
impedances of connecting leads. Rough calcuiations 
for the components used indicated ^eae effects to 
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be unimportant compared with the residuals dis¬ 
cussed above. This conclusion was verified by three 
types of tests, as follows; 

(a) Conductances of several i-watt carbon resistors were 
measured at several frequencies for each of two or more 
values of range conductance G, Comparison of these data 
established the effect of frequency on the values of these 
conductances. 

(b) Conductances of several pairs of J-watt resistors were 
measured singly and in parallel. The agreements between the 
measured and calculated conductance series at frequencies 
up to 5 mc/sec. established that there were no significant 
errors depending on slide wire and decade settings. 

(c) Conductances of KCI solutions of various concentrations 
were measured as a function of frequency. This was done 
using the simple cell shown in Fig. 4, the function of the 
grounded disk between the platinum electrodes being to 
eliminate dielectric losses of the glass walls from the direct 
admittance measurement. On the assumption that ionic re¬ 
laxation effects were negligible at the frecjuencies and con¬ 
centrations used, the measured conductance should be fre¬ 
quency independent. The observed variations were found to 
be accounted for by a divider inductance of 1.7 /<h and the 
previously found dependence of range conductance value on 
frequency. This inductance value is in fair agreement with a 
value of 2.0 ^h estimated from manufacturers* specifications 
for the divider decades and other tests of the slide wire 
(estimated inductance, 0.07 ^h). 

The errors in conductance measurements are evi¬ 
dently determined mainly by the frequency de¬ 
pendent values of the range conductance G below 
about 1 me. For dielectrics, the effect is con¬ 
veniently described by errors in the dissipation 
factor G/o)C, which does not exceed 0.0003 for a 
capacitance of 100 p/uf or more over the range 50 
c/sec. to 1 mc/sec. About 1 mc/sec., the divider 
inductance gives rise to larger errors, the effect 
ambunting to several percent for conductances of 
the order 100 /imho at 5 mc/sec. 

The conductance circuit residuals also cause small 
errors in capacitance measurement. The first of these 
is due to the shunt capacitance of the range con¬ 
ductance, which is about 0.8 M^f as the circuit is 
arranged. The measured capacitance error is not 
necessarily this great as it is partially compensated 
by the series divider inductance, which has the effect 
of a negative shunt capacitance of magnitude ap¬ 
proximately given by (LG/2ro). For the circuit con¬ 
stants employed by us, this compensating capaci¬ 
tance is —0.85 ix/xf for G*100 ^mho and on this 
range thus almost exactly balances the real capaci¬ 
tance of G. This was found experimentally by 
measuring the capacitances of the electrolytic cell of 
Fig. 4 for different concentrations of KCI. No de¬ 
pendence of apparent capacitance on conductance 
setting was observed for the range G «100 /imho, as 
would be true for small dielectric constant changes 
of the solution and no net capacitance effect of the 
divider* The apparent capacitances of the smaller 
tunge conductances were determined by obvious 
metiiods of mtcrcomparison and gave values in- 



Fig. 5. Schematic wiring: diag:ram of the bridge. Long dashes 
indicate shielding, short dashes ganged switches. 


creasing to 1.1 ii/xf for the smallest value of G used 

(0.1 /(mho). 

IV. BRIDGE CONSTRUCTION AND USB 
A. Circuit Components and Arrangement 

A schematic circuit of a bridge employing the cir¬ 
cuits already described is shown in Fig. 5, the com¬ 
ponents being arranged in roughly the same relative 
positions as in the instrument. A view of the bridge 
is shown in Fig. 6. The conductance shifter network 
is mounted in a shielded box at the top between the 
precision condensers Cl and C«, and the coupled 
ratio arms and input transformer are plugged into a 
lower box through the door visible in Fig. 6. The 
switches Sl and Sn connect either of two pairs of 
external terminals Xl and ATju to twin arms of the 
bridge. The arrangement of parts has been made as 
symmetrical as possible. 

The divider setting of the conductance network is 
accomplished by use of ganged pairs of General 
Radio Type 668 inductance-compensated decade 
resistance units with ten- and one-ohm steps, and a 
three-quarter turn slide wire of 26-gauge manganin 
wire with one-ohm total resistance. The decade re¬ 
sistances are so connected in the two sides of the 
divider that as one step is removed from one side an 
equal step is added in the other. A slider on the 
manganin slide wire makes contact also to an ad¬ 
jacent turn of copper wire connected to the con¬ 
ductance G. 

The range conductances G are a set of Western 
Electric Type D-170176A deposited carbon re¬ 
sistors, chosen for their excellent high frequency 
characteristics. These conductances, with values of 
100, 30, 10, 3, 1, 0.3, 0.1 Mmho (10,000 ohms-lO 
megohms) are mounted on a drum type selector 
switch, and thus any one of these values can be 
made the full scale reading of the shifter network. In 
order to make divider settings from zero to 100 
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correspond to percent of full scale change, (he con¬ 
nections and initial settings of the decades and slide 
wire are made as shown in Fig. 5. The fixed 100-ohm 
resistor in the right side is added to make the zero 
setting of decades and slide wire give the initial 
balance correctly. T'he switch So interchanges or 
removes the connections of the divider to the rest of 
the bridge. 

The wiring of the network is made as short and 
direct as possible to minimize residual impedances, 
and the inductance of the slide wire has been re¬ 
duced by running the lead from one end back as a 
copper strip parallel and close to the manganin wire. 
The opposing magnetic fields thus partially cancel 
and the total inductance of the slide wire is reduced 
to about 0.07 ^h, a figure which could probably be 
improved considerably. 

The balancing condensers Cl and Cn are National 
Type NPW precision condensers with a total capaci¬ 
tance of 650 jujLif, which are driven by National 
micrometer dials. The capacitance change of these 
condensers is approximately logarithmic with dial 
setting over 450 /x^f of the total range, and a very 
open scale for balancing small capacitance changes 
is thus obtained. The necessity for a non-linear cali¬ 
bration chart or graph is the accompanying 
disadvantage. 

In order to avoid the conversion when desired and 
also provide higher ranges of capacitance and con¬ 
ductance, a supplementary admittance panel has 
been provided. This contains a S00-/x^f variable 
linear condenser, also driven by a National microme¬ 
ter dial with 500 divisions, and decades of capaci¬ 
tance and conductance. The former decade (General 
Radio Type 380-N) provides a total capacitance of 
0.01 /if in steps of 0.001 /xf and a 500-/i/if mica con¬ 
denser can also be switched. The two conductance 
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Fig. 6 , View of the Wdge showing conductance shifter circuit, 
standard condensers, and panel. 


decades provide conductance increments up to 0,011 
mho in steps of 100 /imho and were assembled from 
General Radio Type 500 resistors compensated by 
trimmer condensers for excess inductance. 

The generators and detectors so far used are con¬ 
ventional. At frequencies below 70 kc/sec. a Hewlett- 
Packard Type 200 DR oscillator is employed and a 
General Radio Type 805-C signal generator is used 
for higher frequencies. A DuMont Type 208B 
oscillograph preceded by an amplifier with a gain of 
65 db and response flat to 100 kc is used at fre¬ 
quencies up to 200 kc. At higher frequencies, the 
modulated voltage of the signal generator is fed via 
the bridge to a Type 348-P receiver and the filtered 
1000-cycle unbalance output applied to the oscillo¬ 
graph, Either a sweep or signal or modulation 
frequency can be used for horizontal deflection and 
the various desired combinations are selected on a 
switching panel. 

Coupling of the generators to the bridge must be 
done with some care. As the circuit is arranged a 
balanced voltage about ground is required. This 
could be induced in the coupled ratio arms by a 
primary winding on the same core, as has been done 
by Starr^ and by Young,^ but we have preferred to 
use a separate transformer in order to provide 
greater flexibility in testing and use of the bridge. In 
cither case, it is important that there be a minimum 
of electrostatic coupling between windings, as this 
acts to unbalance the ratio arms by asymmetrical 
leakage currents flowing from the generator. This 
effect is not as serious as in conventional bridges be¬ 
cause the compensation action of the coupling 
between the ratio arms is effective for unbalanced 
voltages as well as admittances, as noted by Young.* 
As a result it has been found possible to use standard 
bridge transformers (General Radio) up to about 
one megacycle without appreciable error. At higher 
frequencies, however, small leakage capacitance and 
conductance between the windings can cause serious 
error. To minimize this effect, a special transformer, 
similar to one described by Field and Easton^ was 
made with a carefully overlapped and insulated 
shield between windings. The leakage capacitance 
can be estimated from the change in bridge balance 
on reversing the connections of the primary winding 
to the generator and ground and was found to be of 
the order 0.01 /t^f* With this small a value, the 
transformer works satisfactorily to 10 megacycles. 

Another effect which must be considered carefully 
in the bridge design is that of direct coupling be¬ 
tween the generator and detector either by induc¬ 
tion or a common impedance. This is particularly 
true in the present circuit, as it is intended for 
measurement by direct balance, rather than by 
substitution balances which would minimize such 

* R. F, Field and I. G. Eaatrni, General Radio Experimenter 
21, No. 11, (A{Hli, 1947), 
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effects. They have been reduced to negligible im¬ 
portance for frequencies up to several megacycles in 
the present circuit by suitable disposition of leads 
and grounds and use of coaxial leads. 

B. Accuracy 

The effects of residuals in the ratio arm and con¬ 
ductance circuits have been considered and it re¬ 
mains to discuss the accuracy at intermediate 
frequencies for which they are not imjx)rtant. The 
standard condensers used can be set consistently to 
one-tenth division out of five hundred total, which 
because of the roughly logarithmic scale permits an 
internal consistency of 0.1 percent or better for 
capacitances larger than SO MMf» the range being 
650 Mpf. These figures arc characteristic more of the 
condenser and drive than of Uie rest of the bridge. 

The precision and reproducibility of settings of 
the conductance is often of the order 0.02 percent, 
but the accuracy is not as good. The main source of 
error is the temperature coefficient of about 0.03 
percent/®C, which results in an apparent con¬ 
ductance difference of 0.3 percent for 10°C change in 
ambient temperature. A better performance in this 
respect might well be secured but some sacrifice has 
been tolerated in the present design in order to have 
the good high frequency properties of these re¬ 
sistors. A smaller but comparable source of error is 
in the lack of consistency of the divider resistance 
decades. The accuracy of these was found to be 
better than the tolerances of ±0.1 percent (10-ohm 
steps) and ±0,25 percent (l-ohin steps) quoted by 
the makers, and an error of not more than 0.1 per¬ 
cent results. Contact resistances of the decade 
switches cause variations of the order of 0,02 percent 
at most with reasonable attention to their cleanli¬ 
ness. (It is worth noting that the slide wire contact, 
an annoying source of noise in some bridge circuits, 
causes virtually no trouble here, as its resistance is 
in series with a resistance of at least 10,000 ohms.) 

C. Measuring Cells 

The bridge circuit as described has been developed 
and used primarily for studies of dielectrics and 
electrolytes. For such systems, the advantage of 
direct reading scales of both capacity and con¬ 
ductance together with elimination of separate 
balances and corrections for guard circuit and lead 
effects have proved very desirable. As the circuit is 
arranged, the direct admittance between the un¬ 
grounded terminals of a three-terminal admittance 
is measured. This value is not necessarily the same 
one obtained by a grounded point measurem^t in 
the case of a two terminal admittance, but it is the 
desired one in most designs of cells with guard rings, 
the variety of such designs in the literature can 
be used simply with the present circuit. 



Fig. 7. Dielectric constant cell for liquids, Co — 10 nfJ. 

An example of a convenient cell for dielectric 
constants of liquids is shown in Fig. 7, this particular 
cell having been made for a study of dielectric 
constants of hydrogen peroxide-water solutions.* 
The central rod R is connected to terminal R of the 
bridge and insulated by washers of Teflon from the 
grounded case. Coaxial with this electrode is the 
guarded electrode D in the form of a tube with three 
raised axial slots on its outer surface. The tube is 
supported and insulated from the body of the cell by 
quartz rods sprung into the gap and positioned by 
the slots.® Capacitances in air of from 1 to 10 fxfif are 
easily obtained by choice of central electrode diame¬ 
ter, a range readily extended in either direction by 
change in dimensions. This particular cell was made 
of stainless steel and electrolytically polished to 
prevent decomposition of the solutions studied. 

It is important that the design of the cell should 
be such that there is no insulation other than air or 
thtj liquid dielectric between the high potential and 
guarded electrodes. With this arrangement and the 
guard compensation effect of the bridge, the desired 
dielectric constant of the sample is merely the ratio 
of measured capacitances when filled and empty. 
The specific conductance is also directly obtained 
from the observed conductance, as the conventional 
cell constant k defined in electrolytic conductance 
work is determined from the air capacitance Co by 
the relation 

jfe(cm“0«= 0.0885/Co (mmO- 

D, Other Applications 

The bridge as described is naturally adapted to 
studies of dielectrics and electrolytes, but its charac¬ 
teristic features may well be useful for other pur- 


• To be Bubmitted to the J. Am. Chem. Soc. 

* We are indebted to Dr. P. M. Gross of Duke University for 
suggesting thb scheme. 
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poses. Considerable simplification of measurement 
and reduction of data should be possible in systems 
for which guard circuits are necessary or desirable. 
The cancellation of lead effects might well prove 
valuable when leads must be subjected to unknown 
displacements which would otherwise cause errors, 


as in work at pressures other than atmospheric. The 
simplicity of the basic circuits and their use makes 
them adaptable to course demonstrations and ex¬ 
periments, and the compensation effect of the ratio 
arms is an interesting application of electromagnetic 
induction. 
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The Zehnder-Mach interferometer has been applied to the 
study of supersonic flow of air expanding from a pressure tank 
into the atmosphere through channels of rectangular cross 
section. This was made possible by using plane-parallel glass 
plates for a pair of opposite walls of the channel. Two such 
channels were used, each about one centimeter in width and 
two centimeters in depth, one being a divergent channel (half- 
angle »*4.0°) and the other, a Laval nozzle constructed by the 
“characteristics*’ method for Af ® L7. It was found possible to 
measure the density distribution with a rather small estimated 
probable error (two percent or less). Knowledge of the 
stagnation temperature and pressure made it possible also to 
compute pressure, temperature, and velocity. Results obtained 
for the potential flow agree, for the most part, within one 

I. INTRODUCTION 

T he equations of isentropic expansion of a gas 
from a storage chamber through a convergent- 
divergent type nozzle into a receiver provide for a 
flow regime in which the gas moves with subsonic 
speed in the convergent portion, sonic speed at the 
throat, and supersonic speed in the divergent part.^ 
The compressibility effects associated with the 
higher subsonic and especially the supersonic flows 
produce corresponding changes in the refractive 
index of the gas stream. It is then that optical 
methods become a powerful tool in flow analysis. 

Early in the present century, the German physi¬ 
cists, Prandtl* and Meyer,® as well as Magin,^ 

• Extract from dissertation Interferom^i^ 
sonic Flow through Rectangular Channels at Mack Number /.7, 
presented to the Faculty of Princeton University in tandldacy 
for the degree of Doctor of Philosophy, May, 194S. 

* * G. I. Taylor and 1. W. Maccoll, The Mechanics of Com¬ 
pressible Fluids, Aerodynamic Theory (Ed. by Durand Re¬ 
printing Committee, Pasadena, 1943), pp. 222-227. 

H. W. Liepmann and A. E. Puckett, Aerodynamics of a 
Com^essible Fluid (John Wiley and Sons, Inc., New York, 
1947), pp. 23-28. 

*L. Prandtl, “Neue Untersuchungen tiber die strdmende 
E^e^ung der Case und Dampfe,“ Physik. Zeits. 8, 

• T. Meyer, “Ueber zweidtmensionale Bewegungsvorgflnge 
in cinem Gas, das mit Ueberscballgeschwindigkeit strttmt,” 
Mttteilungen ttber Forschungsarbeiten auf dem Gebiet des 
Inpnieurwesens 62j 31-67 (1908). 

Magin, “Optische Untersuchung ttber den Auaflusa von 


percent with the well-known theory of isentropic channel flow. 
The interferometric technique has been used also as a guide in 
improving the Laval nozzle, giving quantitative data on the 
in homogeneities resulting from small errors in construction. 
Further quantitative data was obtained on the degree of non¬ 
uniformity of the flow in the throat regions of both channels. 
'I*he boundary layers, which reach a thickness of about ten 
percent of the channel width near the orifice of the Laval 
Nozzle, introduce further accuracy problems into the study of 
channel flow by interferometry. These are taken up in some 
detail. Some of the considerations here will also apply to the 
interferometric analysis of flow in larger supersonic wind 
tunnels whose working sections are essentially channels of 
rectangular cross section. 

constructed channels (or nozzles) of the convergent- 
divergent type and of rectangular cross section in 
which a pair of opposite walls consisted of plane- 
parallel glass plates. By means of Toepler’s striation 
(‘‘schlieren*') method,® they demonstrated the dif¬ 
ference in nature of the flow downstream of the 
throat. This region was found to contain a pattern 
of stationary waves (Fig. 1) similar to those first 
observed by E. Mach in his studies on bullet flight 
and which are now known as Mach lines or Mach 
waves. The angle a between the Mach line and 
streamline at any point is simply related to the 
Mach number of the flow at that point by 

M^csca, ( 1 ) 

The quantitative feature of these early experiments 
consisted in calculating the Mach numbers from 
angle measurements by means of the above equation. 

Similar to the channels employed in the above- 
mentioned investigations, those used in the present 
study, also have rectangular cross sections and 
plane-parallel glass plates for one pair of walls. 
However, a method of optical analysis has been 
applied which is superior to others for accurate, 

Luft durch eine Lavaldttse," Mitteilungen ttber Forschunge- 
arbeiten auf dem Gebiete de$ Ingenieurweeens 82,1-^1 (19(0). 

• H. Scbardin, **Das Toeplers^ Schlkrenverfabren,^' For* 
sebungsheft 367, S (1934). 
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quantitative work—namely, interferometry. In this 
method establishment of the gas flow changes the 
optical path of one of two interfering light beams 
and produces a measurable shift in the previously 
adjusted interference fringe pattern. Values of 
density may be directly obtained from these fringe 
shifts. The interferometer used for studies in gas 
dynamics is the Zehnder-Mach type, named after 
the men who first developed instruments of this 
type in order to study problems in ballistics. A com¬ 
prehensive bibliography on the instrument and its 
application to gas dynamics may be found in the 
paper of J. Winckler.® 

The systematic study in this country of high 
speed gas flow by interferometry began at Princeton 
in 1943 with the program started by Professor R. 
Ladenburg. He suggested the present problem and 
the work was performed under his direction.** 
This paper is concerned firstly with establishing by 
experiment the validity of the application of inter¬ 
ferometry to ‘‘enclosed flows** as represented by 
flow in a rectangular channel, and secondly with 
some useful information obtainable by the method. 

U. APPARATUS AND EXPERIMENTAL PROCEDURE 

A. Apparatus 

The two channels used will be characterized by 
the names “divergent channel** and “Laval nozzle,** 



Fro. L Typical schKcten photo of chatiiicl showing Mach lines. 

« Wiackler, “The Mach interferometer ^lied to studying 
an axially symmetric supersonic air jetRw. Sci. Inst. 19, 
307-322(1948). ^ ^ 

**This research was sponsored by the ONR, Contract 
N-70NR^99, 
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Fig. 2 . Channel contours. A—divenjent channel; 
n—I^val no7zle. 


the latter in honor of the Swedish engineer, de 
Laval, who made investigations of the flow of 
steam through nozzles. The channels are open at 
the downstream end so that the gas discharges into 
the atmosphere. For the divergent channel the 
supersonic section contains two plane steel walls, 
each making an angle of 4.0° with the axial plane 
of symmetry: in the Laval nozzle the walls, after an 
initial widening immediately following the throat, 
become parallel in such a way as to produce a 
uniform flow with constant Mach number and zero 
pressure gradient. The contours are shown in 
Fig. 2 while Table I gives the pertinent dimensions. 
The dimensions of the divergent channel are practi¬ 
cally identical with those of Magm*s channel.^ The 
design of the Laval nozzle will be discussed in IV. 

The assembled channel, ready for mounting on 
the pressure tank, is shown in Fig. 3. It is seen that 
the glass walls extend beyond the orifice of the 
channel proper. The design*** is such that the con¬ 
tact between the glass and steel walls is made 
air-tight by squeezing a rubber gasket which sur¬ 
rounds the glass plate, thus avoiding undesirable 
pressure on the glass by metal parts. If the junction 
is not air-tight, disturbances in the flow pattern are 
visible (see Fig. 4). 

The position of the channel with respect to other 
components of the interferometer assembly is shown 
in Fig, 5. Notice the presence of a compensating 
chamber in the path of tlie second beam. This 
contains glass plates of thickness identical with that 
of the glass channel walls. All four pieces were cut 


Table L Channel dimensions in mm. 



Divergent 

Uv*l 

Orifice width 

12.75 

10.50 

Throat width 

7.33 

7.65 

Area ratio (orifice-throat) 

1.739 

1.372 

Depth 

19.05 

19.05 

Throat-orifice length 

40.6 

66.0 


•*• Dr. J. Winckler was instrumental in designing this 
mounting apparatus for the channel. 
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Fig. 3. 


out of one ground and polished plate and installed 
in such an orientation with respect to each other as 
to minimize any iuhomogeneities. Atmospheric con¬ 
ditions prevailed inside the chamber at all times 
during the present experiments. 

The lens L-1 makes the light parallel before it 
enters the interferometer while the lens L-2 serves 
as a camera objective to focus the center of the 
channel on a photographic plate (not shown). The 
light source is a magnesium spark of about one 
microsecond in duration. A pressure switch causes 
the spark to flash at any desired pressure up to 
100 lbs. above atmospheric. The photographic 
plates used were the Eastman 103-0 series, which 
are sufficiently sensitive in the region of the mag¬ 
nesium blue line, X = 4481A, chosen by the mono¬ 
chromator. The interferograms were taken at a 
magnification of unity. The interferometer plates, 
on loan from Dr. R. B. Kennard, are the same ones 
used by Winckler® and by Ladenburg el a/.^'Further 
details on the interferometer and associated instru¬ 
mentation may be found in these papers. 

Since the interferometer plates were smaller than 
the region to be studied, it was necessary to take 
three pictures of different sections in order to 
include the whole of the supersonic portion of the 
divergent channel while for the Laval nozzle four 


’R. Ladenburg, J. Winckler, and C. C. Van Voorhw, 
* Interferometric Btudiee of faster than sound phenomena. 
Part I. The gas flow around various objects in a free* homo¬ 
geneous, supersonic air stream/^ Phys. 73, 1359-1377 


pictures were required. Brass spacers were used to 
vary the position of the channel assembly with 
respect to the interferometer plates and thus to 
determine the section to be photographed. The 
spacer fits inside the lead-in tube of the channel 
until it comes up against a shoulder. This shoulder, 
the spacer, and the outlet-tube all have the same 
diameter so that the lead-in tube of the channel 
slides over the outlet tube of the pressure tank up 
to this shoulder or up to the bottom of one of the 
spacers. The lower part of the Icad-in tube is 
threaded and accommodates a specially designed 
nut in such a way that as the latter is tightened, 
pressure is exerted on a rubber gasket preventing 
any sliding of one tube around the other. To solve 
the problem of aligning interferograms of different 
sections, wires (w-1, w-2, etc., in Fig. 5) were waxed 
to the outside of the glass in the overlap regions as 
reference marks for the fringe shift evaluation. 
These wires were set at slight angles with the hori¬ 
zontal to avoid the possibility of their being com¬ 
pletely covered by one dark interference fringe. 

B. Experimental Procedure 

For adjustment of the optics, the green line, 
X=*S461A, obtained from a mercury arc and filter 
was used. Horizontal fringes were established and 
adjusted to a width of 1.00 mm as a convenient 
separation. (The ma^ajnesium fringes would, of 
course, be closer together in the ratio 4481:5461.) 
This careful adjustment of the fringe width is 
important because only under these circumstances 
is it ix>8sible to align photographs of the different 
sections. Also important is the stability of the 
fringe system, for any changes in the pattern be- 














263 


INTERFEROMETRIC STUDVOF SUPERSONIC CHANNEL FLOW 


tween the time of adjustment and the time the 
picture is taken are undesirable. 

First a photograph is taken of the stationary 
fringe pattern, quickly followed by a picture taken 
with air flowing. In some of the later experiments, 
a final photograph of the stationary fringes was 
made. Atmospheric pressure and temperature were 
recorded, as well as the temperature of the air in 
the tank. 

Following the photography of the orifice section, 
the channel assembly had to be removed and a 
spacer added. The assembly was put back into 
place, the fringes again adjusted and the photog¬ 
raphy procedure rei)eated for the mid-section, and 
so on. 


C. Evaluation Method 

Atmospheric density prevails in the whole channel 
before the flow, while during the flow a density 
distribution exists which is, in general, different 
from atmospheric. If the direction of the light be 
z and the coordinates in a plane perpendicular to z 
are denoted by x and y, then in the case that the 
index of refraction n depends only on x and y, the 
fringe shift S(x, y) is easily converted to the density 
p(x, y). For if D is the distance between the glass 
walls, the index of refraction corresponding to a 
fringe shift S is 

n^na+(SX/D). ( 2 ) 

where n„ is the index prevailing before the flow. 
(This assumes, of course, that the optical path 
through the comfxmsating chamber remain con¬ 
stant in the meantime.) 'Fhe relation between 

refractive index and density is given by the Glad- 
stone-Dale formula 

n*-l*=Xp, (3) 

where K isa constant over a large range of pressures 
for a given wave-length and a given gas. To get p 
from 5, one may combine the two above equations: 

P^Pa+(SX/KV), (4) 





(a) 


0-2 

I 




(b) (c> 


Fig. 6. Interferograms of (a) orifice section, (b) mid-section, 
and (c) throat section of divergent channel at Po"5 atmos¬ 
pheres. 


Pa being the density in the channel when the 
stationary-fringe picture is taken (atmospheric den¬ 
sity in the present experiments). 

The interferograms were analyzed by numbering 
the fringes and measuring their positions with the 
aid of a comparator. A typical interferogram of the 
orifice section is shown in Fig. 6a. One of its features 
is the presence of undisturbed fringes in the regions 
labeled QA and ^-2, The positions of corresponding 
fringes in the Q regions of the stationary and flow 
pictures were carefully compared as were the fringe 
positions in the overlap regions of the photographs 
of adjacent sections. When the necessary alignment 
corrections were made, the whole set of displaced 
fringes had been numbered and positioned from 
above the orifice to below the throat as if it were 
all on one interferogram. It was then possible to 
assign an undisplaced-fringe number to the position 
of each displaced fringe and so to obtain the fringe 
shift S. 


D, Auxiliary Experimental Techniques 

Additional valuable information was obtained 
from shadow and schlieren photography as well as 
from what may be called dynamic interferometry. 
The former two methods have been well known for 
some time,® and will not be discussed here except 
to recall that while interferometry measures the 
density, the photographic effects in schlieren are 
sensitive to the density gradient in a direction 
normal to the knife edge whereas the effects in 

• F. J. Weyl, Anal^kal Methods in the Osteal ExaminoHon 
of Snpirsonic Flow (Navord Report 211-45, December 1945) 


Fig, 5. Optical assembly, 
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shadow photography are concerned with the second 
derivative of the density. 

The technique of ‘‘dynamic interferometry”’*"*'** 
employs a camera with moving film in order to get 
a continuous record of fringe shifts. A picture of 
the camera used is shown in Fig. 7. Vertical fringes 
are focused on the horizontal slit so that each fringe 
is represented by a point on the film. As the film 
moves in a vertical direction past the slit, this 
point will trace a line on the film, the line curving 
when the fringe begins to shift. Following previous 
calibration with monochromatic fringes, an intense 
white light filament source was used and the shift 
of the central fringe measured. A spark source of 
light was also focused on the slit and made to flash 
at a desired tank pressure, marking the place on 
the film where the fringe shift was to be measured. 
A moving film trace showing the white light fringes 
shifting is seen in Fig. 8. 

m. ACCURACY OF THE INTERFEROMETRIC METHOD 
A. Sources of Error 

The errors in the present experiment have been 
placed rather arbitrarily into four categories which 
are list(Kl in Table II. 

1. Instrumentation Errors 


efflux of air between the time of the temperature 
reading and the flash of the spark. 

2. Miscellaneous Errors 

Considered here was the possible existence of any 
deviations from steady-state conditions caused by 
transients, slowly shifting fringes, or oscillations. 
The only deviation from a truly stationary flow 
pattern appeared to be a small OvScillation of the 
density about some equilibrium value with a rough 
periodicity of about 200 microseconds. This is 200 
times as long as the duration of the magnesium 
spark—too long, therefore, to interfere with the 
sharpness of the photographs. Observation of the 
moving film record (Fig. 8) shows that the ampli¬ 
tude of these oscillations varies, reaching a maxi¬ 
mum of 0.5 fringe. (In all of the present work, 
a shift of one fringe corres})onds to a density change 
of approximately 0.1 mg/cc.) 

The question of whether the ^-regions are truly 
quiescent during air flow merits consideration be¬ 
cause these are used as reference regions for the 
fringe shift calculations. Results indicate that there 
is some small disturbance here causcnl by cither a 
slight change in adjustment of the instrumtml or 
else by motion of air. The magnitude of the irregu¬ 
larity leads to the estimate given in Table II. 


The atmospheric pressure and temperature were 
measured with a mercury barometer and thermom¬ 
eter, respectively, to a high degree of accuracy. The 
tank pressure was read to within 0.3 percent 
(at 60 pounds overpressure) from a gauge which 
had been cross-checked with other gauges. The tank 
temperature was taken to be the same as the 
atmospheric temperature. Later studies with a 
thennocouple revealed that this might give a value 
that was too high by one or two degrees, due to 



Fig, 7. General radio continuous recording camera. 
See p. 1367 in reference 7. 


3. Geometrical Errors 

The first of these involves the jiroblem of reading 
the position of the reference wires wA and w~2, etc., 
accurately, for evaluations in lower stations of the 
channel are dependent on the sectional alignment 
procedure using these wires. Firstly, the wire was 
not in perfect focus since it was waxed on the outside 
of the glass; secondly, the fringe pattern sometimes 
interfered partially. The error in each alignment 
procedure was estimated at 0.1 fringe. Agreement 
between results of spark interferograms and moving 
film traces of a cross section near the throat (see 
^'*8- 9) provided a check on the alignment pro¬ 
cedure. 

A precision estimate on the measurement of 
minimum channel width, or throat, is included in 
'Fable II because the channel geometry is important 
for theoretical calculations. The actual position of 
the throat is difficult to determine because of the 
small curvature of the walls in this vicinity. Re- 
l>eated measurements of the throat width yielded 
the values shown in Table 1 with an estimated un¬ 
certainty of 0.5 percent in throat width and LO 
percent in throat-orifice distance. 

The evaluation of the divergent-channel inter¬ 
ferograms was made on the assumption of constant 
physical conditions from glass to glass. This was 
investigated by taking an interferogram after having 
turned the channel through 90^ with respect to its 
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usual position. Then the light travels parallel to 
the glass walls. Of course, it is possible to view the 
flow field only above the orifice. Pictures of this 
sort are shown in Fig. 10, They illustrate the smaller 
density and higher temperature existing in the 
boundary layer along the glass as evidenced by the 
curvature of the fringes. Except for this glass layer, 
conditions are quite uniform from glass to glass up 
to about 5 mm above the orifice. It is reasonable to 
extrapolate below the orifice and assume that 
homogeneity exists there. For the divergent channel, 
the glass layer is evidently affected by the oblique 
orifice shock at about 5 mm above the orifice and 
begins to .separate, with the result that the homo- 
geneity in the direction of the light beam is de¬ 
stroyed (Fig. 10a) and fringe shift evaluations 
become impossible. A more detailed consideration 
of the glass la>’er and other boundary layer errors 
{catcgor\' IV of I'able II) will be given in connection 
with the discussion of the Laval nozzle where the 
boundary layers arc thicker and therefore play a 
more prominent role. From these subsequent con¬ 
siderations it was possible to estimate that the 
error in density due to the boundary layer on 
the glass was, in the case* of the divergent channel, 
less than 1 percent. 



rAiiCK 11. Survey of ex|x;riniental accuracy. 


Fig. 8. 


Vo t 'n Hailia for value in 

certaimy previous column 


B. Potential Flow in the Divergent Channel 


I. Insirumenlalktn 
Tank pressure 
Tank temperuture** 


n. Miscellantous* 

0‘1. Q'2 mismatch. 

Effect on density! 
orifice 
throat 

Oscillations. 

Effect on density; 
orifice 
throat 

Ul. Ckometrical* 

Overlap alignment. 

Effect on density: 
throat 


Width of throat 
Position of any wall 


IV. Boundary Laytr*** 

Bountuiry layer on glass. 
Effect on density at ori¬ 
fice of Laval nossle, 
Pii»4.80 atmos. 
Comer effect: 

Maximum error—oc- 
curing at inner edge 
of boundary layer. 
Refraction error™ 
majrfmHW 


Fineness oi graduations on gauge, 
('hange in temperature due to 
eitiux l>cfore pJioto is taken. 


Comparison of stationary and flow 
pictures. 

Matching error of 0.1 fringe. 


Analysis of moving film traces. 
Estimated average displacement 
of 0.2 fringe from mean value. 


Study of comparator readings. 

Estimate of a 0. t -fringe error per 
overlap, resulting in a 0.2Tringe 
possible error In throat section. 

Comparator studies on photo¬ 
graphic plate. 


Measurements on interferogram 
showing this glass-layer. 


Consistency of postulated corner 
effects of various magnitudes 
with other experimental results. 

Substitution of computed value of 
density gradient into the de¬ 
rived lormuia. 


0 .. 1 % 

0.3 v;. 


S:SS 


1.5J 

0.54 


0.5% 


0 . 5 % 

0.02 

mm 


1 . 1 % 


1 . 6 % 

2.9% 


♦ Percentage uncertainties in p were calculated for divergent clumnel (p 
odfloe-l ma/cc, p throat -4.00 mg/cc). The percentage for the Uval 
aottle are gmaller since p is greater. . j ..ui 

9* Use of a thermocouple In the Laval noxxle work made this error 

Uval nossle work, the calculated p w corrected for the glass 
iairttr. The ^refraction error is an extreme case. For the average bouuoary 
layer, this was t perrent or less. 


A set of interferograms covering the complete 
supersonic portion of the divergent channel was 
made and evaluated (Fig. 6). The results for the 
density were expressed graphically by drawing 
contours of equal density, known as isopycnals 
(Fig. 11). Examining this chart, we see first the 
decreasing density along the axis in the down¬ 
stream direction, demonstrating the continued ex¬ 
pansion. The gradient is largest in the region of the 
throat. The non-uniformity of the flow is greater in 
regions where the curvature of the walls is more 
marked; the homogeneity across the channel grows 
better as one approaches the orifice. 

The isopycnic pattern can be confirmed, within 
limits, by photography. For if the fringes are made 
so wide that one fringe covers the entire field and 
an interferogram is then made, |:>oints of equal 
density will lie on the same fringe (Fig, 12). To do 
this, however, requires perfect interferometer plates. 
At least part of the discrepancies between this 
figure and the isopycnic chart are due to the in¬ 
homogeneities in the plates themselves, amounting 
to some fraction of a fringe. 

Since there are no sources of energy dissipation 
in the channel except in the relatively nam>w 
boundary layer r^ions, it was possible to obtain 
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Fig. 9. Plot of P/Pa vs. mm l)eIow orifice for divergent 
channel at Pa^^ atmospheres. 


pressures and temperatures from the measured 
density using the well-known isentropic relations. 
If Pot POf and To are the known stagnation values of 
pressure, density, and temperature, respectively, 
then the pressure P and temperature T at some 
point in the channel are related to the density p by 

p/Po- (p/po)^- (5) 

where 7 is the ratio of specific heats at constant 
pressure and volume. The velocity, w, and Mach 
number, A/, may be conveniently calculated from 
the temperature by the energy equation: 

u^l2C^{To-T)y, { 6 a) 

Af-[C 2 /( 7 -i)]C(ro-"r)/r]]^ ( 6 b) 

For comparison with theory, a relation between 
pressure at some point and the cross-sectional area, 
A, of the channel at this point was used. The one¬ 
dimensional theory of isentropic gas flow gives the 
relation as 

(P/Po)^/^-(P/Po)^--^»^^^-[(7-l)/(7+l)] 

XLl/iy+DJi^y-^^lAVAJ, (7) 

where .4* is the throat area. In view of the small 
divergence angle of the walls, this one-dimensional 
theory was considered applicable. In Fig. 9, both 
experimental and theoretical pressure distribution 
curves are plotted. Agreement between theory and 
experiment is around one percent for most of the 
supersonic portion; deviations up to three percent 
may be observed in a small region around 32 mm 
below the orifice. 

Schlieren pictures of the divergent channel gave 
Mach lines which permitted calculation of Mach 
numbers by Eq. ( 1 ), The definition of the lines 
was not as good as desired with the result that the 
calculated values of M are estimated as good to 
±3 percent. The results for a few well separated 
places are given in Table III, which contains also 
the results obtained by interferometry together with 
results obtained from schlierens by Magin in 1908. 
with a practically identical channel. Under the 


heading 'TheoreticaF* are listed Mach numbers 
corresponding to the channel areas; the relation, ob¬ 
tained from the one-dimensional isentropic theory, 
is 

A/A*^ll/Mm + {(y-l)/ 2 )AP 2 / 

The discrepancies between columns 2 and 3 are 
within the estimated uncertainties of the measure¬ 
ments. 

Flow of the gas through the orifice shock involves 
an increase of entropy and Eq. (5) must be replaced 
by the Rankine-Hugoniot relation which reads 

P^/Pi = I[(r+1 )/(r -1) IMpil “ 1 ]/ 

1[(7 + 1)/(7-1)3-Cp2/pi]1, (9) 

where the subscripts “F' and “ 2 ’' refer to opposite 
sides of the shock. By this equation, pressures 
downstream of the'shock and at the inner edge of 
the vortex layer along the atmospheric boundary 
were calculated and found to be equal to 98 percent 
of the atmospheric value. 


(a) (b) 

Fig. jo. Interferogram.s of (a) divergent channel and (b) 
Laval nozzle showing boundary layer on glass. The lower 
boundaries represent the orifice. (Magnification of (b) is 
about 2:1.) 

IV. STUDIES WITH THE LAVAL NOZZLE 
A. Construction and Revision 

An interesting feature of channel flow, for whose 
study a channel design more suitable than the 
divergent channel was desired, is the viscous layer 
or boundary layer existing near the walls. The 
Laval nozzle was designed to obtain a more fully 
developed boundary layer with more uniform ex¬ 
ternal conditions such as zero pressure gradient in 
the flow direction. The purpose of interferometry 
here was to provide a quantitative check on the 
proper channel construction. 

The equation for two-dimensional steady poten¬ 
tial flow may be written as follows: 

- (v/a»)] 

• ~ * 0 - ( 10 ) 

Here, ^ is the velocity potential, a is the local 
velocity of sound, and the subscripts represent 
partial differentiation. Starting with certain given 
boundary conditions, the solution of this equation 
may be obtained by the “method of characteristics,’’ 
first applied to supersonic flows by PrahdU and 
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Busemann* in 1929. The method makes it possible 
to determine the contour of a supersonic nozzle in 
such a way that the velocity finally becomes uni- 
from across the entire section. The Laval nozzle 
used in this work was designed by the ‘'character¬ 
istics method** for a Mach number of 1.71. Figure 13 
shows the graphical construction for this channel. 
One assumes ilf«l at the throat (the validity of 
this assumption will be discussed later) and pro¬ 
duces the expansion by curving the wall and in¬ 
serting Mach waves in relation to the “wall 
bending** according to the rules of the method.^® 
The quadrilaterals represent, to the approximation 
used, fields of constant velocity. The smaller the 
quadrilaterals, the closer the construction approxi¬ 
mates the correct solution for the flow field. As the 
end of the expansion region is approached, the 
curvature of the walls is so designed as to cancel 
the reflected Mach lines. When this has been done, 
the walls of the channel are parallel and the flow 
field uniform. 

A series of preliminary studies which included 
interferograms and shadow and schlieren pictures 
all showed the same phenomenon: oblique shocks 
within the channel (see Figs. 14a and 15a). These 
shocks are symmetrical and cross the axis at dis¬ 
tances of 40.3, 27.4, 14.6, and 2.6 mm below the 
orifice. Interferometric study revealed that the 
density ratios varied from 1.01 to 1.03 across the 
shocks. 

A slight revision of the original design and the 
removal of small machining errors gave an im¬ 
proved channel contour. In this revision the toler¬ 
ance in the grinding operation was limited to 
0.0003“ ( = 0,1 percent of the throat width). The 
revised dimensions are given in Table IV. The 
polishing stone was not applied until preliminary 
shadowgrams were taken for the purpose of ob¬ 
taining Mach lines. This is shown in Fig. ISb while 
ISc shows a shadow picture after the final polishing, 
A quantitative representation of the improvement 
in uniformity is given in Fig. 16 which shows Mach 
number distributions before and after improvement 
as obtained by interferometry. This figure also 
includes two values of M computed from Mach 
angle measurements on shadowgrams of the revised 
but unpolished channel. Agreement with the inter¬ 
ferometric results is closer than one percent, itself 
the estimated degree of uncertainty in the shadow- 
gram measurements. The observed decrease of 
Mach number with distance downstream, a feature 
of both curves, is associated with the growing 

•L. Prandtl and A. Busemann, Ndherungsverfahfen tur 
Zskfm^rischs ErmUdung van ehenen Sirdmungan mU Uber- 
Hh^escktimtdigMt (Stodola Festschrift. Zurich, 1929), p. 

“A. E. Puckett. “Supersonic nozzle design,” J. App. Mech. 
is, 265-270 (imi 


boundary layer which decreases the effective cross 
section. 

The degree to .which the pressure gradient near 
the boundary layer in the direction of the flow was 
reduced (the main object of the channel revision) 
is shown in Fig. 17; these calculations were made 
from the same two interferograms whose axial 
Mach numbers are plotted in Fig. 16. It was felt 
that the improved channel gave a very good approxi¬ 
mation to uniform flow, although residual non-uni¬ 
formities are apparent from sensitive schlieren 
pictures (Fig. 18). 

An interesting feature of a well constructed Laval 
nozzle is the degree to which the flow across the 
throat is uniform and of Mach number equal to one, 
inasmuch as the latter is an assumed boundary 
condition in the “characteristics** construction. In 
Fig. 19 are shown isopycnic photos of the throats of 
the two channels, illustrating the relative homo¬ 
geneity of the flow. The evaluated interferogram of 
the divergent channel showed, that the Mach 
number increased from 0.97 on the axis to 1.04 at 
1.1 mm from the wall, a 7 percent change, whereas 
for the Laval nozzle the variation was from 1.01 on 
the axis to LOS at LO mm from the wall, a 4 percent 
change. In the former case the curvature of the 
walls in the throat region is seen to be rather sharp 
but in the latter case a very gradual subsonic 
entrance was drawn with a French curve and a 
careful attempt was made to provide maximum con- 



Fig. 11. Isopycnic contours for divergent channel dis¬ 
charging into atmosphere at 5 atmospheres of tank pressure. 
Contours labeled in mg/cm*. Ordinate readings are mm below 
orifice. 
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Fig. 12. Isopycnic photo (contour fringes) of orifice 
section of divergent channel. 

tinuity with the bejfinning of the supersonic portion. 
Figure 20 gives Mach number distributions across 
the throats of the two channels. From these results 
it appears quite evident that the assumption of 
uniform flow of 1 at the throat of a rectangular 
nozzle is not justified unless the most extreme care 
is taken to reduce curvatures and discontinuities in 
this region to the barest minimum. 

B. Boundary Layer on the Glass 


Table III. Comparison of Mach numbera for 
flow in diverging channel. 


Distunce 
below the 
orifice mm 

Interferometry 

Schliereii 

Magin 

Area 

(theoretical) 

2.2 

1.98 


1.96 

2.01 

16.3 

1.77 

1.79 

1.74 

1.79 

25.6 

1.60 

1,64 


1.64 

30.7 

1.48 

1.53 


1.47 


Ap(Z) “density difference corresponding to SS{Z). 

IF* width of channel 

/?*depth of channel (*glass to glass distance). 

3* width of boundary layer along metal walls (along still 
air when above the orifice), 
f “width of boundary layer along glass wall 

r * 

A'’“Gladstone-Dale constant, 

Xflttwave-length of light. 

% 

The apparent free stream density is obtained 
from the optical path change by the relation 


The evaluation of the Laval nozzle interferograms 
included a correction for the deviation from truly 
two-dimensional flow due to the boundary layer 
along the glass. By taking an interferogram with 
beam parallel to the glass walls (Fig. 21) one can 
compute the amount of the necessary correction. 
In deriving this correction formula, the following 
notation is used: 

5j* observed fringe shift in free stream on interferogram 
made with light beam perpendicular to glass. 

K* coordinate perpendicular to metal walls. 

Z “Coordinate perpendicular to the glass walls. 
fi{Z) “density at a point in boundary layer Z mm from the 
glass. 

Pb “atmospheric density existing in channel prior to gas 
flow. 

Pi'“apparent free stream density calculated from S\. 

Pi “true stream density. 

A5(Z) “difference in fringe shift between a point in the bound¬ 
ary layer along the glass at Z mm from the glass wall 
and a point on the same horizontal level in the free 
stream as observed on an interferogram taken with 
light beam parallel to the glass walls. 


Pa)* 

Allowing for the layer on the glass, the correct 
expression is 

St^X^K(pt-p,)(^+2K f [p(Z)-paJdZ, 

The boundary layer density p(Z) is less than pi; 
we put 

p(Z)^Pi-Ap(Z) 

and removing pi and Po from untler the integral 
sign we get 

Sj’X=^K(pi-pa)l>-2K f Ap(Z)dZ. 

•/q 

By equating the two expressions for SrX, there 
results 

p, = pi'+(2/7>) f Ap(Z)dZ, (11) 

•'o 



^ * * INCHES ^ * 0 r M 

Fig. 13. Design of Laval nozzle contour by method of characteristics. Each pair of numbers gives the 
magnitude and direction of the velocity in the region indfeated. 




INTERFEROMETRIC STUDY OF SUPERSONIC CHANNEL FLOW 


269 



Referring to Fig. 21, we consider the two light rays 
A and B traveling perpendicular to the gas flow 
but parallel to the glass walls. For the ray A, Z<e 
while for Z > e so that the former passes through 
the boundary layer on the glass while the latter 
traverses the free stream. The two rays have 
different histories over a length of path W-2S or t. 
The relation between Ap(Z) and A5(Z) is thus 
given by 

Ap(Z) - (X/A>)A5(2) 


and the correction formula can be expressed in 
terms of the measured quantity A5(Z); 

Pi-p/+(2X/APr) r A5(Z)dZ. (11a) 
0 

In practice, the correction integral is obtained by 
measuring the area under the curve of A5(Z) vs, Z. 
Measurements of the correction were made at 0.25, 
2.8, 4.3, and 5.8 mm above (downstream of) the 



<B) (C) 

Fig. 15. Laval nozzle: Shadowgrams showing improvement in design. 
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Table IV, Revised Laval nozzle: Contour dimea 9 ions of 
supersonic portion in inches. 


OisUncr 

from 

orifice 

l>i8Uincc 

from 

channel 

axis 

Distance 

from 

orifice 

Distance 

from 

channel 

axis 

Distance 

from 

orifice 

Distance 

from 

channel 

axis 

1.500 

0.2067 

1.900 

0.1973 

2.300 

0.1588 

1.510 

0.2067 


0.1966 


0.1580 

1.520 

0.2067 


0,1959 


0.1572 

1.530 

0.2067 


0.1951 


0.1565 

LS40 

0.2067 


0.1943 


0.1559 

1.550 

0.2067 


0.1935 


0.1553 

1.560 

0.2067 


0.1927 


0.1547 

1.570 

0.2067 


0.1919 


0.1541 

1.580 

0.2066 


0.1911 


0.1536 

1.500 

0.2065 


0.1903 


0.1531 

1.600 

0.2064 

2.000 

0.1894 

2.400 

0.1527 


0.206.? 


0.1885 


0.1523 


0.2062 


0.1876 


0.1519 


0.2061 


0.1867 


0,1516 


0.2060 


0.1858 


0.1514 


0.2059 


0.1849 


0.1S12 


0.2057 


0.1840 


0,1511 


0.2055 


0,1831 


0.1510 


0.2053 


0.1821 


0.1509 


0.2051 


0.I8I1 


0.1508 

1.700 

0.2049 

2.100 

0.1801 

2.500 

0.1507 


0.2047 


0.1791 




0.2045 


0.1781 

(throat) 


0.2Q43 


0.1771 




0.2041 


0.1761 




0.2039 


0.1750 




0.2036 


0.1740 




0.2033 


0.1729 




0.2030 


0.1718 




0.2027 


0.1706 



1.800 

0.2024 

2.20 

0.1694 




0.2020 


0.1683 




0,2016 


0.1672 




0.2012 


0.1661 




0.2007 


0.1650 




0.2002 


0.1639 




0.1997 


0.1628 




0.1991 


0.1617 




0.1985 


0.1607 



1,89 

0.1979 

2.29 

0.1597 




orifice. The percentage correction for p at the 
orifice in the experiment at 4 atmospheres of tank 
pressure was 

100[(pi —pi')/pj]= 1.3 percent. 

To obtain data on the correction at various cross 
sections below the orifice, the variation of the 



mtmcc rMM owriee m m 


Fig. 16 . Laval nozzle: Mach number distribution— 

O Before channel revision, 

A After channel revision, 

Measurements of Mach angles on the revised 
but unpolished channel. 



Fig. 17. Laval nozzle; Pressure distributions at 1.5 mm from 
the wall (a) before improvement and (b) after improvement. 
Po “ 4 a tmospheres. 

quantity 

r AS{y)dy 

along the metal walls was studied and the assump¬ 
tion made that the development along the glass 
wall was similar. Figure 22 is a test of this assump¬ 
tion. Superimposed on a density profile along metal 
at 0.50 mm below the orifice are points obtainetl 
from the boundary layer on the glass at 0.25 mm 
above the orifice. The agreement is rather good. All 
the calculations of the free stream density in the 
Laval nozzle experiments were corrected for the 
boundary layer. 

The comparison of boundary layers on glass and 
steel was put on yet a more quantitative basis by 
replacing one of the glass walls with a plane steel 
plate and comparing directly the boundary layer 
on this wall with that on the other (glass) wall. 
Densities were compared at several corresponding 
points in the two layers. The steel wall showed a 
somewhat lower density along the whole layer but 
the average density difference for five cases was 
only 1.7 percent, too small to conclude that there is 
any real difference. 

C. Refraction Errorf 

The presence of density gradients in the flow will, 
in general, cause the light beam to change its 
direction. This is illustrated schematically in Fig, 23 
where a light ray entering the flow field at the 
point E would continue to the point M in the 
absence of a density gradient but actually takes 
the curved path EF in the presence of a downward 
gradient. This effect will be most marked in r^ions 
of high gradient such as boundary layers. Two 
questions arise: 

1. Does the refraction introduce any distortion 
into the photographic behavior of tbe system? 

t A more general and somewhat different treatment of this 
problem (unpublished) has been given recently by Dr* F, J* 
Weyl, Naval Bureau of Ordnance, Washington, D* C, 
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Fig. 18. Schlieren photo¬ 
graphs of the improved Laval 
nozzle at (a) 4.07, (b) 4.80, 
and (c) 6.09 atmospheres. 



i 


(a) 

I.e,, is the center of the flow field on which the 
camera lens is focused still being mapped 
accurately on the screen or photographic 
plate? 

2. By how much is the evaluated density at any 
point in error due to refraction? 

In the following treatment, we make the following 
assumptions: 

(a) The value of the radius of curvature R, of 
the path EF at E differs negligibly from its 
value at F so that EF is considered as the. 
arc of a circle. 

(b) R is much larger than D, the depth of the 
working section: 

(c) The variation of gradn refractive index) 
between the lines EM and GF in Fig. 23 may 
be ignored. 

(d) The pencil of rays coming from a point in 
the object plane is narrow enough so that 
variation of refraction effects between the 
extreme rays is insufficient to affect the 
sharpness of the fringes (i.e,, optical path 
difference <X/4). 

(e) The density gradient lies in the plane of the 
diagram and is perpendicular to the incoming 
light. 

In considering the first of the two questions, 
notice that under conditions of no flow, the ray 
shown in Fig, 23 would appear to the camera lens 
to be coming from point B in the object plane, 
whereas the presence of flow makes it appear to 
come from C. We wish to calculate the distance 
BC or f 

Since the tangents to the circle at E and F inter¬ 
sect at JST, the line OH bisects the angle e. The 
following exact relations hold: 

sin€ ^D/R\ tan«/2 » EH/R «(Z?/ 2+?;)//?; 
From these one obtains 

sine]. 


(b) (c) 

Since D<KR, it is possible to neglect compared 
to R^ and to expand the terms in the brackets up 
to ^ which gives 

• P/8^Z)V8i^»^[I>V8]C I gradn | »/»*]■ tt (12) 

The value of { was compared with the radius of the 
“circle of confusion** due to diffraction by the 
camera lens itself. The half-width Q of the central 
maximum of the diffraction pattern formed by the 
lens of a parallel bundle of light is given by 
1.22X/, where / is the so-called / number, equal 
to the focal length of the lens divided by its 
diameter. Measurements of typical boundary layers 
and an expansion wave in the Laval nozzle gave 
values of { around 10“^ cm, whereas Q was 6X10^ 
cm. Thus in the fourth column of Table V, f is set 
approximately equal to zero and “photographic 
distortion** is considered absent. Agreement within 
the experimental error of 0.003 cm between meas¬ 
urements of channel width on an interferogram at 
a carefully adjusted magnification of 1:1, and 
accurate measurements made on the channel itself 
verified this result. 

We now consider the second of the above ques¬ 
tions. If ^ is the angle between the direction of a 
light ray and the gradient of the refractive index, 
the radius of curvature of the path is given by 

l/i?== (grad»/w) sin<^. 

Now, from Fig, 23 we see that 

MF^ A = - {R^-D^)^^Dy2R. 



(a) (b) 

Fig. 19, laopycnic photos (contour fringes) of throat sections 
_of (a) divergent channel and (b) Laval nozzle. 

tt Discussed in next paragraph. 
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Fig. 20. Mach number distribution across the throat: 
X“Divergent channel; Laval nozzle. 


More generally, if Z be the direction of the incident 
light with the line EG as the axis then the 

deviation, h{Z) of any point P lying in EF from the 
unrefracted path EM will be given by 

The average'deviation, I, over the path EF will be 

J {ZVlR)dZ 

6 = ~ .—. ^IP/6R. 

I dZ 

The actual length of the path EF is 
£F=-/? €^Z> + (/?eV 6 ). 

Denoting the refractive index along EM by w, we 
find that the difference, Q, in optical path due to 
refraction is 

C = (n 1 + ^ gradn) (D + 6 )) - «iD, 

neglecting terms in e® compared to A very good 
approximate expression for Q may be obtained by 
allowing 

e=D/i?: 1 /F^gradn (i.e., w = l, <^» 7 r/ 2 ) 

and using l^D^/tR. This gives 

Q - (DV 6 ) 1 gradw | ^ • [2 4- (DV 6 ) | grad» 1 2 ]. 

Where the last term in the brackets is much smaller 
than 1 (it was 10 “^ or smaller in the present experi¬ 
ments), the expression becomes 

(?^(DV3) 1 gradw | ^ - {KW^i) | gradp | ^ttt ( 13 ) 

This extra optical path Q will produce an added 
fringe shift A5, given by A5w^/X; i.e„ the observed 
fringe shift will be too great by the amount A5* 
Because o f the relationship between p and ,*S, the 

ttt This is in agreement with the result obtained by Weyl 


error A5 will be accompanied by an error Ap 
given by 

Ap-«(X/A'Z?)'A5. 

Expressing the desired result in fractional form we 
have 

Ap/p*(AI)V3p)* IgradpI®. (13a) 

Ap is the amount to be subtracted from the density 
supposed to exist at the point B according to the 
observed fringe shift. 

Table V gives pertinent data for three cases 
among the highest gradients measured. The con¬ 
stants associated with these calculations are 

Z> = 1.90 cm, X“4.48X10“'*‘ cm, 

A = 0.229 cmVgt /-number of camera lens = 10, 

To understand the meaning of the bottom row of 
the table, it should be noted that, in the examples 
taken here, the higlier the gradient, the narrower 
the fringes. On the present interferograms the 
narrowest accurately readable fringe width was 
0,0080 cm, corresponding to a density gradient of 
12.5X10“® g/cc/cm as given in this row of the 
table. The second row of the table contains a higher 
gradient value and was included because it repre¬ 
sents the highest gradient which was measured, but 
the data are less reliable. (It is estimated that for 
this case the uncertainty in gradp is about S f)ercent 
whereas for the other cases it is about 2 percent.) 

The density gradients w^re computed by taking a 
region through which the fringe width remained 
reasonably constant (second column of Table V) 
and dividing by the total density change. In all 
cases this region was considerably larger than the 
maximum deviation, A, of the light ray from the 
unrefracted path so that the assumption of the 
constancy of gradp is a valid one. 

Jn boundary layer studies, the exact absolute 
values of the densities are less important than the 
shape of the density profile. Distortions of the latter 
would arise only from variation of gradp, since for 
a constant gradient, the refraction error would 
merely displace the profile parallel to itself. Figure 24 
shows a typical boundary layer profile; it is seen 
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that the curvature is small throughout most of 
the region. 

D« Errors Due to Intersecting Boundary Layers 

In the corners of a rectangular channel the 
boundary layers along the two intersecting walls 
themselves intersect. It is thought that a rounding- 
together occurs somewhat as shown in the schematic 
diagram of Fig. 25. The effect on the interferometric 
evaluation is illustrated by considering the rays 
labeled B and C in this figure. While it is clear 
that ray B does not traverse the boundary layer 
along the metal as does ray C, nevertheless it 
passes through the thickened “corner layer** and 
therefore its optical path is different from that of 
ray A (shorter). The difference between A and B 
may be mistakenly attributed to the passage of 
ray B through the entire boundary layer along the 
metal wall. Thus the apparent boundary layer 
would be thicker than the actual one. 

There exists no experimental information on this 
sort of “corner effect.*’ However, a knowledge of 
the density profiles in the boundary layers studied 
has made possible order-of-magnitude calculations 
which show that the effect of the comer thickening 
will be, in most cases, an extremely limited one. 
The first step is to lake a typical profile and plot 
the fringe shift relative to the free stream. This was 
done for the case of a layer at 1 mm below the 
orifice on an interferogram of the Laval nozzle 
taken at 5 atmospheres of tank pressure, indicating 
an apparent boundary layer width of 1.0 mm. One 
next assumes that the actual boundary layer is 
thinner, choosing some definite value such as, for 
example, 0.7 mm and then proceeds to ascertain 
how much plausibility there is in assigning the 
remaining 0.3 mm to the “comer layer.'* It is now 
necessary to draw an assumed profile for the corner 
such as is shown in Fig. 25. Then, the procedure is 
to study a ray parallel to the wall, but somewhat 
outside the assumed true boundary layer (ray B in 



Fig. 23. Schematic diagram of the refraction of a 
light ray in a gas stream. 

Fig. 25), say at 0.9 mm from the wall. After meas¬ 
uring the length of path of this ray in the comer 
layer and using the information given by the fringe 
shift plot that the difference in optical path was, in 
this case, equivalent to a relative shift of 0.5 fringe, 
it becomes possible to calculate an average comer 
density, Pc, which would account for the difference 
in path. For the example of the assumed 0.7-mm 
layer, this density was calculated as 

p.= Pi-0.5 mg/cc.tttt 

That such a result is extremely unlikely is apparent 
if it be noted that the density at 0.1 mm from the 
wall is only 0.45 mg/cc below the stream density pi, 
and that the section of corner layer which plays 

Table V. Refraction errors in boundary layers and an 
expansion wave in a small Laval nozzle (Po=»6.09 atmos.). 



Fto. 22. Laval nozzle: Density profiles in boundary layers 
on metal and glass. 0—Metal wall, 0.5 mm below orifice; 
X—<ila«s wall. 0.25 mm above orifice. 


Width of 

resion Ap 


Place 

analysed 

(cm> 

Grad p 
c,g.». 

i 

A 

(cm) 

100— 

P 

Boundary 
layer 1 mm 
below orifice 

0.0R2 

6.1X10'> 

'*-0 

0,0025 

0.49% 

Boundary 
layer 1.5 mm 
above orifice 

0.020 

15 X10'» 


0,0061 

4,5% 

Expansion 

wave 

0.094 

8.5X10"* 

-4) 

0.0055 

>.o% 

Limiting case 
for accurate 

I2.SX10** 

M) 

0,0051 

^ 2.9% 

For 


fringereadinSB P-l.$XI0“* g/cc 


ttttA shift of 0.5 frin^r was equivalent to a density 
difference of 0.5 mg/cc rather than 0.05 mg/cc because the 
extra length of corner layer traversed by ray B as compaml 
to ray 4 was 0.2 ram, or about one-tenth of tne channel d^th. 
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Fig. 24. Boundary layer density profile along channel wall 
(Po">4.80 atmospheres). See appendix for other pertinent 
chita. 

the role in producing the 0.5-fringe shift relative to 
free stream is 0.9 mm away from the wall. The 
density must be, in reality, much closer to the free 
stream value. 

One can then assume an 0.8-mm boundary layer 
and repeat the calculation. In the present case it 
was concluded that the effect of the corner layer 
would be limited to causing a relative shift of at 
most 0.3 fringes relative to free stream in a narrow 
region at the inner edge of the boundary layer. The 
result with the Laval nozzle of the dimensions used 
would be to cause an ambiguity of about 0.1 or at 
most 0.2 mm in the choice of boundary layer 
width. 

V. SUMMARY AND CONCLUSIONS 

This study indicates that the technique of inter¬ 
ferometry applied to compressible channel flow is a 
feasible one which is capable of giving good accu¬ 
racy in density determinations. Of course, the 
magnitudes of the various uncertainties depend on 
the particular apparatus geometry and experi¬ 
mental conditions. In the present experiments an 
analysis of errors as summarized in Table II leads 
to the conclusion that values of p directly obtained 
from the interference measurements possess an esti¬ 
mated probable error of about 2 percent. Com¬ 
parison between interferometric results for potential 
flow in the divergent channel and the values com¬ 
puted from the one-dimensional theory of i sen tropic 
flow show a difference of 1 percent. Independent 
checks were provided by Mach angle measurements 
on schlieren pictures and by fringe shift measure¬ 
ments on moving film. In the case of the latter 
technique, agreement with the results of spark 
interferograms in the neighborhood of the throat 
showed that the procedure of studying density 
fields larger in size than the interferometer plates , 
by aligning interferograms of adjacent sections is 
reliable. 

The deviation from steady flow in channels of 


the type studied consists in small oscillations about 
a mean value of the physical variables. There 
would be corresponding inconsistencies in the ab¬ 
solute values of density calculated from successive 
interferograms taken at different parts of the 
oscillation cycle. The estimated uncertainty of this 
and other errors are given in Table II. 

Interferometry can be usefully applied as a 
guide in nozzle construction since the results of the 
evaluated interferograms can be quantitatively 
compared with the desired properties of the nozzle. 
In particular, the uniformity of flow in the throat 
can be studied. The present experiments show that 
the attainment of uniform flow of 1 across the 
throat is a difficult problem. 

There are at least three different boundary layer 
phenomena which affect the interference pattern in 
channels having sizable boundary layers: 

* 

(a) Boundary layer on the glass. 

fb) Refraction error. 

(c) Comer intersection of boundary layers. 

(a) The density obtained from the observed 
fringe shift has to be increased by; 

Ap = {2X/XI>t) r £iS(Z)dZ 
•'0 

(for notation see Section IV). The percentage cor¬ 
rection for the orifice region of the Laval nozzle at 
Po-=4 atmospheres was 1.3 percent. Except for this 
layer, homogeneity from glass to glass was excellent. 

(b) In the presence of a density gradient normal 
to the light beam, a negative correction to the 
density will account for the refraction error. This 
is given by 

Ap * (iCZ> V3) I grad p | *. 

In the present case, an extreme density gradient of 
12.5X10“* g/cc per cm was accompanied by a 
refraction error of 2.9 percent. The shape of a 
density profile is not altered appreciably by refrac¬ 
tion unless gradp varies strongly. 

(c) Semiquantitative calculations give the result 
that, in the present Laval nozzle experiments, the 
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'‘comer effect*' introduces an ambiguity of about 
10 percent in the choice of boundary layer width. 
Other parts of the interference pattern are un¬ 
affected. 
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APPENDIX 

Notes on boundary layer calculations.—In spite 
of the relatively small width of the boundary layers 
(1 mm or less), the sharpness of the interference 
fringes in these r^ions made possible an evaluation 
of density distributions, taking due account of 
previously mentioned correction factors. 

Figure 24, a density profile at 4 mm upstream of 
the orifice of the Laval nozzle (62 mm downstream 
of the throat), is typical of many others. Conditions 
in the free stream near this layer are as follows: 

ri»187® K. Mi»1.67. 

Pi *“1.02 atmos. pi ”1.91 nig/cc. 

tti*“459 meters/sec. 

The extrapolated value of p at the wall is calculated 
on the assumptions that the wall temperature equals 
the stagnation temperature of the gas (room tem¬ 
perature) and that the pressure across the throat is 
constant: 

p««P„/Pr„«Pi/Pro-L23mg/cc. (ro-293^ K.) 

The ideal gas law may furtlier be used to calculate 
the distribution of temperature from the known 
pressure and densities. 

As is evident from schlieren pictures (for example, 
Fig. 18), we are dealing here with turbulent bound¬ 
ary layer flows. Figure 26 shows a laminar-looking 
layer with an apparent transition to the turbulent 
form upstream of the uniform section of the channel. 
The evaluated layers were all considerably down¬ 
stream of the transition region. The Reynolds 
number associated with the profile of Fig. 24 is 

Re » piMi//pi« 4,3 X10*, 



Fig. 26. Schlieren photo of throat region of I^val nozzle 
showing what appears like a laminar-turbulent transition in 
the l>oundary layer, 

using the distance from the throat as a typical 
length /. The value of the viscosity coefficient 
corresponding to the temperature Ti was obtained 
from the Landolt-Bdrnstein Tables and found to 
be equal to 129 micropoises. The Reynolds number 
for the transition region was calculated to be 

P«tn«u-1.2Xl0®. 

Of high interest are the velocity distributions in 
the boundary layers. Values of u were obtained 
from the energy equation: 

«-[2C/>(ro”r)]i. 

The use of this relation is, in general, not justified 
for flows of the boundary layer tyf)e because of their 
non-isentropic character. Arguments exist, how¬ 
ever, to show that it is applicable in the present 
case. Preliminary results have been obtained for the 
velocity distribution but a fuller investigation is 
planned before these are reported. An extension of 
the study to other Mach and Reynolds numbers is 
being undertaken using the larger intermittent 
supersonic wind tunnel recently constructed at 
this laboratory under the direction of Professor 
Ladenburg. 
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Cloud-Chamber Equipment for Study of Infrequent Cosmic-Ray Processes'*' 

W. Y. Chang and J. R. Winckler 
Palmer Physical Laboralatyt Princeton Unixfersity, Princeton^ New Jersey 
(Received January 3, 1949) 

The cloud chamber descril>ed operates if a pcirticle passes through a vertical telescope and stops 
before reaching anticoincidence counters under the chamber. The chamber is surrounded by a mini¬ 
mum amount of material, and a large number of the anticoincidence events consist of particles 
stopping in foils of aluminum, iron, and lead within the chamber. The expansion valve is of the fast 
electromagnetic type having a thin iron diaphragm which completes a magnetic circuit when closed. 

Six slow expansions for clearing the chamber occur immediately after each event. The chamber is 
housed in an insulated room kept within d:0.1®C. The Geiger counter coincidence circuits operate time 
delays for controlling the expansions, flash lamps, camera, clearing field, and recorders. The electronics 
is suitable for the study of very infrequent events. Several pictures of meson decay and shower events 
are presented. 


1. INTRODUCTION 

INTERACTION phenomena in cosmic rays are 
^ generally rare. For example, extensive showers, 
or showers produced by penetrating particles, or the 
processes connected with slow mesons occur particu¬ 
larly infrequently—about one in several hours for 
the usual solid angle of detection. The necessity of 
using a cloud chamber to observe these events does 
not need special mentioning. However, for these 
purposes the cloud chamber, which is of course 
counter-controlled, and its associated equipment, 
once adjusted, must be ready at all times to respond 
to the events. Essentially, the temperature and 
pressure,^ in the first place, must be kept constant 
throughout the whole period so as to maintain the 
same expansion ratio. Second, the chamber must be 
cleaned periodically to remove any condensation 
nuclei so as to provide a clear background. Third, 


the delay control apparatus, etc., must operate re¬ 
liably each time. 

During the past t^to years we have built a cloud 
chamber and automatic control equipment for the 
study of meson absorption by thin foils.^ This whole 
set of apparatus has been working satisfactorily for 
over a year—the cloud chamber and the counter 
units, etc., normally are checked only about twice a 
week (working continuously 24 hours a day). This 
set of equipment obviously can be used to study 
other infrequent cosmic-ray phenomena. It may be 
arranged so that two or more different types of 
cosmic-ray processes can be studied with the same 
chamber equipment at the same time, e.g., extensive 
air showers and meson absorption by thin foils. We 
feel, therefore, that it may be worth while to report 
the detailed construction of the cloud chamber and 
the electronic details of the control units, etc. 
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Fig, la. Cloud-chamber assembly. 

♦Assisted by the joint program of the AEC and the ONR. 
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11. THE CLOUD CHAMBER AND 
ASSOCIATED APPARATUS 

A. The Cloud Chamber 

The cloud chamber is in the rubber diaphragm 
type and has an inside diameter of about 12 inches. 
Figure la shows the assembly. For eventual use 
with a magnet, the back (dead) space has been made 
as small as possible. To accomplish this, the position 
of the perforated brass plate (with 4-mm holes), 
against which the diaphragm expands, and hence 
the expansion ratio is varied from outside at tlie 
bottom circumference by means of a system of three 
gears (see Fig. lb). This brass plate is supported 
rigidly, by means of three screws, on to the threaded 
hub. From the plate there are three equidistant brass 
pins (perpendicular to the plate) which can move 
along in three brass tubes projected upward from the 
main gear. Hence, when the gear is turned, a moment 
is, by means of these pin-tube couplings, applied to 
the plate, which is thus turned forward or backward. 
The diaphragm is made of two rubber sheets, with a 
^-inch Bakeiite plate in between. In this way the 
diffusion of alcohol from the chamber proper is 
much slower than without the Bakeiite plate. More¬ 
over, the expansion in the neighborhood of the 
circumference can be as near to that at the center as 
possible, i.e., more uniform expansion everywhere. 

A brass ring (17) is held rigidly to the bottom ring 
(18) by using only four equally spaced brass 
cylinders (J-inch diameter, and with screws (19) 
inside). The glass window (A-iuch Herculite glass) 
and the glass cylinder (cut from ordinary battery 


jar) are held together against the bottom ring (18) 
by the top ring (16) which can be screwed on to the 
ring (17). Neoprene gaskets are used for the vacuum 
seals. In this way we have the least amount of ma¬ 
terial surrounding the chamber proper. This is an 
advantage for studying certain cosmic-ray processes 
taking place inside the chamber, for the number of 
useless pictures due to the same process at the 
chamber walls is small. Moreover, the chamber 
depth can be easily varied (if desired) by simply 
changing the length of the four spacers and the 
height of the glass cylinder. The thickness of the 
over-all dead space at the back is about 2 inches. 
With argon gas saturated with alcohol-water mix¬ 
ture, the chamber depth can be increased up to 8 
inches. Two depths have been used, namely 5 and 8 
inches. The deeper chamber has been found to work 
with smaller turbulence. 

Figure lb shows the arrangement of the three 
gears, with the outside one in a vacuum-sealed box 
at the circumference. The expansion ratio can be 
read from a scale above the box (cf. Fig. la, left- 
hand side). The air passage to the expansion valve is 
smoothly constrict^. 

In operating the chamber it is advantageous to 
employ a back chamber pressure so that the rubber 
diaphragm is quite clear from the front perforated 
disk (which is covered with a piece of velvet for the 
purpose of photography). Thus, the turbulence, 
which may be created in the neighborhood of the 
diaphragm during expansion and be transmitted to 
the chamber proper, can be as small as possible. All 
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Fic. 2. Expansion valve. The iron diaphram (1) supported 
on a Bakelite spider completes the magnetic circuit when 
closed. 

the materials inside the chamber must be very 
clean, not soluble in the liquid mixture of alcohol- 
water, and not giving off disturbing volatile sub¬ 
stances. Synthetic rubber for the diaphragm and 
gaskets is found to give a smaller background than 
gum rubber, for presumably the former does not 
dissolve in the alcohol-water mixture easily. In using 
lead foils as absorbing material inside the chamber, 
the oxide layers found on the surfaces must be 
carefully cleaned with steel wool and then washed 
thoroughly with alcohol. No water is used for the 
cleaning purpose, for lead is oxidized very easily by 
water. Thus the background at expansion ratios, 
smaller than the ion limit, will be very small. 

B. The Fast Expansion Valve 

The fast expansion valve is of a solenoid type. 
Figure 2 shows its assembly. The inner cylinder 
((9) in Fig. 2) is made of steel, with the flange 
at the lower end, and the solenoid (No. 18 copper 
wire) is wound upon it. The outer cylinder (7) and 
the cover ring (8) are also made of steel. The mag¬ 
netic circuit is thus completed except at the circular 
gap where the Bakelite ring (6) is. The Bakelite ring 


(6) provides a fiber seat for the iron disk (I), which 
may be attracted against the seat by the magnetic 
field so as to make a vacuum seal. The iron disk (1) 
is held in position by a thin Bakelite spider (3) 
(canvas base 0.01 inch thick). As shown in the top 
sketch, the legs of the spider are fixed so that the 
iron disk can only move along the axis of the valve. 
The brass tube (Ij-inch diameter), which is to con¬ 
nect the expansion valve to the cloud chamber, is 
insulated electrically from the valve by means of the 
fiber washers (10) so that the eddy currents induced 
in the metal parts of this valve will not flow to the 
chamber metals when the solenoid current is cut off 
at the instant of expansion. The operating circuit is 
described in a later section. 

In order to keep a constant expansion ratio for 
many days, the air pressure behind the diaphragm 
of the cloud chamber has to be maintained the same 
for each expansion. This is accomplished satisfac¬ 
torily by a Mason-Neilan No. 40 reducing valve 
with the top compartment of the valve sealed 
against the atmosphere. In this way the air pressure 
behind the diaphragm is regulated against a con¬ 
stant pressure but not the atmospheric pressure, 
which varies. Better regulation is obtained with a 
small leak provided in the back chamber. 

C. The Photographic Equipment 

A Rccordak Micro-File Model E camera and a 
pair of xenon flash lamps have been used for taking 
photographs. Each lamp is connected across a bank 
of condensers of about 50-microfarads capacity, 
charged at a voltage of about 2500. Two ways of 
focusing the illuminating beams have been adopted. 
In one case where the chamber depth was 5 inches, 
each lamp (General Electric 126, 4 inches long) was 
focused with a parabolic mirror of 1-inch focal 
length and 4-inch width, while in the other case 
(chamber depth 8 inches) a lamp of S-inches length 
was focused with a Plexiglas lens. The lamps used in 
this latter case were manufactured by Amglo 
Corporation of Chicago and were found to work 
satisfactorily. Each of these lenses is about 4 inches 
wide and 8 inches high and has a focal length of 
about 2 inches. Such lenses have been found to give 
a better defined beam of light than the parabolic 
mirrors—sharper edges of the beam and more in¬ 
tense and uniform distribution of light intensity 
across the depth of the cloud chamber. The cloud 
chamber is illuminated from both sides—cross illumi¬ 
nation. The two beams of light are pointed slightly 
toward the camera, the angles made with the 
camera axis being about 70 degrees. The duration of 
light is only a few hundred microseconds, and there¬ 
fore a large screen of zinc sulphide is used to test the 
focusing of the light beams. A front-coated mirror is 
put perpendicular to the chamber at one edge for the 
purpose of stereoscopic photography. 
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In order that the ion clusters can grow up to a 
large enough size for future condensation, the 
chamber is delayed to expand at 5 to 10 milliseconds 
after the particle has entered the chamber. Again to 
have the liquid drops large enough to be photo¬ 
graphed, the lamps are made to flash at SO to 100 
milliseconds after the particle entry. Eastman 
Linagraph Ortho films have been used in most of the 
cases. 

D. Slow Expansion Device 

If each fast expansion is followed by a series of 
slow expansions, the background of the chamber is 
found to be much smaller and more uniform, 
especially when the chamber contains many foils 
and has a very low rate of expansion. We have used 
a slow expansion unit by which a seciuence of four or 
eight slow expansions can automatically follow each 
main expansion. This unit consists of a clock motor, 
lock-in switches, and delay relays, as shown in 
Fig, 3. When the incoming pulse locks the lock-in 
switch #1, the motor drives a circular disk. This 
rotating disk (not shown), which has 4 studs fixed to 
its lower face, closes the microswitch #1 four times 
in a revolution, and hence the chamber undergoes 
four slow expansions. Near the end of the revolution 
microswitch #2 is closed by another stud of the 
disk, and this operation unlocks the lock-in switches 
# 1 and # 2 after a certain time interval determined 
by the delay relay #1. The motor then stops. When 
the switch S is on position 2, the motor repeats 
another revolution before it stops, and eight slow 
expansions then follow each main expansion. 


£. Constant Temperature Control 

It is found that if the room temperature changes 
by about one degree centigrade, the chamber does 
not work satisfactorily. In order that the chamber 
can be continuously ready to record cosmic-ray 
tracks, the room temj>erature must be maintained 
constant. The small insulated room (8'X8'X8') 
containing the cloud chamber, is first cooled to a 
few degrees lower than the outside room tempera¬ 
ture. This is done by circulating pipe water through 
an ordinary car motor radiator. The room is then 
heated by a heater, which is then controlled by some 
suitable device. 

Two devices have been used. When one goes 
wrong, the other is used as a substitute. The first 
one is an ordinary mercury switch. The change in 
the height of a mercury column is used to switch the 
heater on or off. The mercury switch is connected in 
the starter anode of an OA4 tube. The anode cur¬ 
rent of the OA4 operates a relay which then controls 
the heater. Since in this way the current through the 
mercury contact is extremely small, the contact 
surfaces of the mercury and the ix)inter can be pre¬ 
served for a long time. 

The second method is an electronic one employing 
a resistance bridge, as shown in Fig. 4. A small a.c. 
voltage is applied to the bridge. The temperature- 
sensitive element made of fine iron wire has a re¬ 
sistance of about 100 ohms and is kept inside the 
cloud-chamber room. The unbalanced voltage, the 
phase of which corresponds to, say, a temperature 
lower than the working temperature, is applied to 
the grid of the 6J6 tube after being amplified by the 
two 9001 tubes in cascade. This voltage controls the 



Fig. 3. Slow expansion unit* 
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Fig. 4. Electronic temperature control circuit. 


6J6 tube against the corresponding anode voltage of 
the appropriate phase. When the temperature gets 
lower, the needle of the meter M moves to one 
direction, and the relay in the left anode circuit of 
the 6SN7 tube closes the heater switch 5. The indi¬ 
cating lamp La IvS then lighted. When the tempera¬ 
ture becomes higher, the needle of M moves to the 
other direction. The indicating lamp Li in the right 
anode circuit of 6SN7 is lighted. The advantage of 
this arrangement is that it controls a cooling device 
(if desired) as well as the heater. 

III. ELECTRONIC CIRCUITS 

T'he block diagram of Fig. 5 illustrates the elec¬ 
tronic control system. A cosmic-ray particle actu¬ 
ating the three-fold telescope, but not the anti¬ 
counters below the chamber, begins the cycling 
process through the coincidence circuits and the 
electronic gate. The expansion valve, clearing field re¬ 
moval, flash lamps, camera shutter and film advance, 
mechanical counter, and finally the reset of the gate 
proceed according to the time schedule, determined 
by electronic flip-flop circuits with adjustable re¬ 
covery times. Thyratron-controlled current holds 
and releases the diaphragm-type expansion valve 
(cf. Section Il-B). 

The individual circuits are not shown completely, 
but some details are presented here, as the task of 
combining the many units in a reliable manner— 
esjjecially for use with a very low expansion rate 
chamber—is time consuming, and many unexpected 
difficulties with stray pulses, etc., have been over¬ 
come in the present work. 


A. Counter Circuits 

Each tray of the three-fold coincidence counter 
array is coupled by a conventional cathode follower 
to a line leading to a pulse sharpener (univibrator), 
and to a conventional Rossi-type coincidence cir¬ 
cuit. The anticoincidence counters are connected in 
groups to cathode followers which are coupled by 
crystal diodes to a similar pulse sharpener. This 
method of rectifier coupling permits paralleling large 
numbers of counters without undue individual 
loading. A section of the circuits including the final 
mixer tube is shown in Fig. 6. The discharge of one 
of the anticounters, along with the telescope, results 
in a negative pulse being applied to the control grid 
of the second section of the mixer tube, thus pre¬ 
venting the transmission of the signal from the 
telescope. 

B. Gate Circuits and Time Delays 

A 75-volt negative pulse of a few microseconds' 
duration from the mixer tube of the coincidence 
circuits serves to trip the gate (Fig. 7), which is a 
fast dx. coupled **flip-flop'' circuit, so arranged that 
it is stable with either tube #1 or tube #2 con¬ 
ducting. The coincidence pulse from the mixer tube 
causes tube #2 to conduct, and the negative pulse 
from its plate is led out to the various time delay 
circuits. Further coincidence pulses have no effect 
until a reset pulse occurring at the end of cycling 
again puts tube # 1 in the conducting state instead 
of # 2. The gate is insensitive to small pulses because 
of the method of triggering on the screen grid of tube 
# 1. Triggering on the control grid of tube # 1 was 
found to be unsatisfactory, as in this case the 
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Fig. .S. Block diagram of electronic units. 


triggering pulse appears on the output and begins 
cycling even though the gate is “closed.** If the 
suppressor is used for triggering, the plate-sup¬ 
pressor capacity transmits the pulse to the grid of 


tube # 2, and the gate may be reopened prematurely 
before cycling is completed. The input and output 
connections are electrically isolated, and filtering is 
provided liberally on power connections. Manual 



Fig. 6. Cathode follower, coincidence, and anticoincidence circuits. 
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Fig. 7. Gate circuit. This circuit remains closed 
until cycling is completed. 


buttons permit operation of the gate by hand when 
conducting tests of the chamber. 

The time delay circuits (see Fig. 8) are con¬ 
ventional univibrators, the period being controlled 
by the i? —C coupling network. The circuit is 
actuated through the suppressor grid of tube # 1, to 
reduce sensitivity and isolate the input and output 
circuits. 

C. Expansion Valve Circuit 

The release of the expansion valve is accomplished 
by extinguishing the FGS7 thyratron which carries 
the valve current by reducing its plate voltage to 
zero (see Fig, 9). A second thyratron, type FG17, is 
used for this purpose, discharging a condenser C 
through the common load resistance R of the two 
thyratrons when ignited by a pulse from the time 
delay expand circuit (see Fig. 5).’ A pulse from the 
time delay compress circuit fires the first thyratron 
and closes the valve. The action is quite rapid, the 
valve opening with a miniature explosion. With a 
magnetizing current of about two amperes, the 
valve is able to sustain one atmosphere over pres¬ 



Fig. 8. Typical time delay circuit. 


sure with negligible heating. It was found necessary 
to isolate the thyratrons from the time delay circuits 
by a buffer amplifier to prevent the feedback of 
spurious pulses into^other delay circuits. 

D. Lamp Circuits 

As described in Section II-C, xenon-filled flash 
lamps (General Electric 126 and Amglo Corpioration 
lamps) are used for illumination, fired from a 
capacitor bank of 50 or 100 microfarads charged to 
about 2500 volts. A fine wire wrapped about the 
capillary of the lamp and excited by the secondary 
of an automobile ignition coil serves to start the dis¬ 
charge. The coil is energized by a small thyratron 
which discharges a capacitor through the primairy 
(Fig. 10). The charging and firing circuits must be 
carefully shielded, and the input from the lamp time 
delay filtered, as shown, against radiofrequency 
interference from the discharge circuits. The strong 
inductive pulse generated when the lamps discharge 
is an especially bad source of interference, not only 
to the cloud-chamber circuits, but to other high gain 
equipment within a radius of 25 feet or more. 
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E. Clearing Field and Recording Circuits 

The chamber clearing field is applied constantly, 
and removed at the earliest possible moment after 
the passage of the i)article, by means of a d.c. 
amplifier connected to the time delay compress 
circuit. This lime delay circuit triggers with the 
coincidence (see Fig. 5) and returns to normal at the 
time of compression, when the clearing field is 
reapplied. 

The mechanical counter which is photq§:raphed 
along with the illuminated chamber in each exposure 
is turned by a simple cold-cathode thyratron circuit 
(Fig. 11). 

IV. SOME CLOUD.CHAMBER PICTURES 

In conducting the exf>eriments on meson absorp¬ 
tion by thin foils, a three-fold coincidence telescope 
has been used on the top of the chamber, and many 
anticoincidence counters in the form of an arc have 
been employed to surround the bottom circumfer¬ 
ence of the cloud chamber (see Fig. 5). Eleven 



Fic. 11, Mechanical recorder, NoUi: The number under Type 
in the figure^should read: 1D21. 


(sometimes less) thin foils of thickness approxi¬ 
mately equivalent to the range of a 12-Mev (or 
2-Mev for Al) proton have been rigidly supported 
on a Lucite frame inside the chamber. The vertical 
beam of mesons before entering the telescope has to 
pass thiough a lead blcx:k of about 30-cm thickness. 
This lead block has two purposes: to filter off the 
electronic components of the incident beam, and to 
increase the intensity of the slow mesons. The whole 
setup for these experiments is shown schematically 
in Fig. 12. 

In principle, the chamber expands only when a 
particle after passing through the telescope is ab¬ 
sorbed by a foil or by the chamber and counter 
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Fig, 13. Side showers covering whole chamber (Fe foils). 


walls. To reduce stray, coincidences, each tray of the interest. Figure 13 shows a large shower, which 
telescope is protected against side showers by anti- must have been produced in the back of the cham- 
coincidence counters, and the bottom anticoinci- ber. Here the chamber is seen to contain many short 

dence counters are arranged to cover a solid angle but straight tracks. The frame on the right-hand 

larger than geometrical necessity so as to receive side is the stereoscopic picture, and the foils are iron 

scattered particles. On the average the chamber was foils (0.028 inch). In Fig. 14, simple cascade showers 

triggered about once per 40 minutes, and one useful are produced at the iron foils by some vertical inci- 
picture (a particle stopping at a foil) was obtained dent particles, presumably electrons. A meson de¬ 
in about 35 pictures. The variation of ionization caying into a light particle, presumably an electron, 
from foil to foil has been used to identify a proton, a is shown in Fig. 15. Here the meson stops in the last 
meson, or an electron. Multiple scattering has been A1 foil (0.002 inch) and the decay electron is emitted 
used for reference also. upwards to the right (see the direct picture on the 

Here we have presented some pictures of general left). 











CLOUD-CHAMBER EQUIPMENT 


26S 



Fig. 15. A meson decaying in a 0.002-inch A! foil. 


In conclusion, we should like to express our sincere Dr. T. Coor and Mr. F, J. Darago for their help 
thanks to Mr. D. B. Davis and his staff for building designing the electronic temperature control, and 
the cloud chamber and the control equipment, to Dr. L, G. Lewis for the valve design. 
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Magnetic Deflector for* Mesons Prodnced in the 184-liich CJjrdotron 

Wolfgang K. H. Panofsky and Ernest A. Martinelli 
Department of Physics, Radiation Laboratory, University of California, Berkeley, California 

(Received January S, 1949) 

A magnetic deflector has been constructed which makes the mesons artiflclally produced in the lfl4- 
inch cyclotron by alpha-particle bombardment available outside the cyclotron tank. The deflector con¬ 
sists of a magnetic shield especially designed to operate in very high external magnetic fields. The effect 
of the magnetic shield on the internal cyclotron b^m has been compensated by pole shims. The deflector 
yields a total mesdn flux of approximately 500 mesons per minute. 


T he artificial production of mesons by means 
of high energy a-particles in the 184-inch 
cyclotron at Berkeley^ indicated the desirability of 
making mesons available outside the cyclotron tank 
in order to make investigations possible by means 
other than photographic plates inside the tank. A 
magnetic deflector to draw mesons out into a re¬ 
entrant chamber in the cyclotron wall was therefore 
constructed. 

The circulating a-particle beam strikes a target at 
a radius of 80^ inches from the center of the cyclo¬ 
tron. The magnetic field at the target position is close 
to 14,000 gauss, so that low energy mesons are unable 
to leave the cyclotron. The magnetic deflector con¬ 
sists simply of a magnetic shield placed in such a 
manner that it shields the meson beam and permits 
it to enter a re-entrant chamber in the cyclotron wall 
(Fig. 1). 

A magnetic shield for this purpose has to meet 
four requirements: 1. The field in the channel must 
be sufficiently low to permit exit of the mesons from 
the field. 2. It must have a suflFiciently high geo¬ 
metrical aperture. 3. The shield must not disturb 
the field at a radius less than target radius. 4. The 



Fig, 1. Geometrical distribution of meson deflector and 
target in the magnet of the 184-inch cyclotron, Note the 
Uajectory of the alpha-particle beam and the mesons produced 
in the target. 


* E. Gardner and C. M. G. Lattes, Science 107, 270 (1948). 


shield must not interfere with the electrostatically 
deflected beam* in the cyclotron. 

The problem of shielding magnetically to a suffi¬ 
cient extent in an external field of 14,000 gauss is 
made difficult by the saturation of iron. Saturation 
effects are reduced if the shield is not circular but 
has its large dimension perpendicular to the field; 
this will only give a small increase in flux density in 
the iron relative to the external field. These con¬ 
siderations lead to the choice of a shield approxi¬ 
mately an ellipsoid whose smallest axis is parallel to 
the field. The ellipsoidal shape is superior to any 
rectangular geometry since corners would saturate 
and thus not contribute to the shielding while still 
contributing to the disturbing field. 

The ellipsoidal shape can be easily analyzed 



Fig. 2. Theoretical ehielditig ratio of an obtate-apheroidal 
shield with cylindrical hole at a function of axial ratio of the 
spheroid in an external field of 14,000 gauit. 

»Powell, Henrich, Kernt, Sewell, and Thornton, Rev. Sci. 
Iiwt. 19, 506 (1948). 
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Fio. 3. Percent field disturbance due to spheroidal shield of 

axial ratio 1 to 4 on the magnetic field in the cyclotron. 

mathematically for a given magnetization curve of 
the iron used. Figure 2 shows a theoretical plot of 
the shielding ratio attainable with an oblate sphe¬ 
roidal* shield with a small cylindrical hole inside the 
spheroid. The curve is computed for cold rolled steel 
in an external field of 14,000 gauss. Note the rapid 
improvement of the attainable shielding ratio with 
increase in axial ratio of the ellipsoid. An axial ratio 
of 4:1 was chosen here. 

The theoretical disturbance in the field resulting 
from the ellipsoid is shown in Fig. i for an ellipsoid of 
12-in.X3-in. axis. The shield was placed 34 inches 
from the target radius, thus disturbing the field by 
approximately 34 percent. This disturbance is com¬ 
pensated by shims supported on the cylcotron poles, 
in accordance with the method of Powell et a/.* A 
radial experimental field plot and the field corrected 
by the shims is shown in Fig. 4. The position and 
geometry are also shown in Fig. 4. 

Owing to the fact that the shielding actioti of the 
iron cannot be computed accurately, it was neces¬ 
sary to estimate the meson trajectory first, con¬ 
struct a deflector, compute the trajectory, and then 
build a new deflector to conform to the computed 
trajectory. The final shape of the shield and the 
position of the meson trajectory is shown in Fig. 5. 
Figure 6 shows the magnetic field in the channel 
with and without the shield. Owing to the curvature 

' For solution of potential problem, see e.g., H. Smytbe, Suuic 
Old D^mie BhOrieity (McGraw-Hill Book Company. Inc., 
New York, 1939), pp. lS6ff. 



napiut < tMHiit 

Fig. 4. Radial magnetic field in the cyclotron under the 
following conditions: (a) Before introtluction of meson de* 
fleeter A (b) After introduction of meson deflector, but un^ 
compensated, (c) Meson deflector in place and compensated 
with shims as shown. 

of the trajectory and the ellipsoidal cross section of 
the shield, the shield is constmeted of 12 layers of 
hot rolled steel plate, flame-cut to proper shape and 
bolted together. The hole for the trajectory tapers 
from an initial hole of IJ-in. vertical Xl-in. hori¬ 
zontal to 2J-in.X i-in. square at the exit end. 
Figure 7 shows the assembled deflector. 



Fig. 5, Meaon trajectories from target through meson 
deflector, as plotted from field measurements. 
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Fig. 6. Exj>erimental maj^netic field as a funclioii of position 
along meson trajectory through meson deflector. 

The deflector is designed for a central trajectory 
corresponding to .BXp= 147,000 gauss-cm, corre¬ 
sponding to an 8.S-Mev p-mcson (taking the mass of 
the p-meson as 21Sm«) or a 6.0-Mev x-meson (taking 
the mass of the x-meson as 286w,). The deflector 
will accept beams of vertical divergences of db6®, 
horizontal divergences of ±7.2® (at central value of 
energy); the range of momenta accepted is ±12 
percent about the central value. 

At this date the deflector has been used only in 
conjunction with the photographic means of detec¬ 
tion, With a cyclotron bombardment of 3X10^’ 
amp. of a-particles for 30 minutes the meson yield is 
about 30x-mesons in the edge of a 100-micron 
emulsion; this corresponds to a total flux of about 



Fig. 7. F^hotograph of meson deflector in retracted iwsition. 

500 mesons/niinute out of the aperture of the 
deflector. 

The problem of deflecting mesons by means of a 
magnetic shield was suggested by Professor L. W. 
Alvarez. We are greatly indebted to the magnetic 
measurements group of the laboratory, notably D. 
C. Sewell and A. J. Hulse for making magnetic 
measurements and to Professor Wilson Powell for 
valuable discussion. This work was performed under 
the auspices of the AEC. 
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Pressure Regulated Thin Window Geiger-Mueller Cotmter* 

Michel Ter-Pogossian, J. Eugene Robinson, and J. Townsend** 

Department of Physics^ Washington University, St, Louis, Missouri 
(Received January 13, 1949) 

The use of very thin Zapon or Formvar windows for G-M counter tubes in beta-spectroscopy is 
limited by the fact that the filling mixture of the counter diffuses or leaks through the window, which 
forbids the use of very thin windows. A pressure regulator is described which will permit the main¬ 
tenance of a constant pressure of filling mixture even if the window of the counter allows the slow 
escape of the gas. A thin window G-M counter presenting some improvements is also described. 


PRESSURE REGULATOR 


T he window separating a G-M counter from 
the vacuum system of a beta-ray spectro¬ 
graph should be as thin as possible in order that 
low energy electrons may be observed. Zapon and 
Formvar films, prepared according to well-known 
techniques/'® have been used in this laboratory. 
Multiple layers were usually used to decrease the 
probability of holes occurring. Satisfactory films 
having electron cut-off energies of higher than 5 kev 
are easy to prepare. However, it has been found that 
thinner films {'■^2 kev), even those which do not 
leak when first used, develop slow leaks after a 
period of days. This is attributed to the occurrence 
of very small holes or cracks accompanying the 
observed stretching of the film caused by the gas 
pressure in the counter. 

A counter in this condition is difficult to use, 
since the plateau shifts continuously as the pressure 
decreases. The use of lower pressures of filling mix¬ 
ture in the counter is helpful in preventing window 
leakage, but a lower limit of 3 to 5 cm Hg is set 
by the fact that at lower pressures the efficiency of 
the counter becomes appreciably less than 100 
percent, and changes with electron energy. 

The connection of a large ballast volume of 
filling mixture to the counter affords some improve¬ 
ment but is not entirely satisfactory. A system in 
which there is a continuous flow of gas into the 
counter, with the excess flowing out through a 
mercury bubbler, was also tried. It was found that 
this system was not capable of maintaining the 
pressure sufficiently constant. 

The following scheme was found to be satis¬ 
factory. A filling mixture of the proper composition 
is prepared and stored in a container at approxi¬ 
mately atmospheric pressure. This container is con¬ 
nected to the inlet of the device shown in Fig. 1. 
The outlet is connected to the counter. If the pres¬ 
sure in the counter falls below the preset level, the 
tungsten contacts sealed into the mercury manojm- 



the 


* John Backus, Phys. Rev. 59 (1945). 

* K. SKegbahn, Ark. f. Mat. Ast o. Fysik SOA, No. 20 (1944). 


eter close and actuate a relay which powers the 
coil. The iron plunger rises, lowering the mercury 
level to a point where more filling mixture can flow 
through the porous glass plug. The device operates 
smoothly over a wide range of flow rates, and the 
manometer is observed to var>^ not more than i 
millimeter. 

Care should be taken that sparking does not 
occur at the manometer contact, as this has a 
tendency to decompose the quenching vapor in the 
mixture. The use of a d.c. relay operating on a few 
milliamperes of current, together with a resistance 
and capacitance connected in series across the 
manometer contacts will prevent sparking. 

THIN WINDOW GEIGER-MUELLER COUNTER 

The conventional G-M counter as used in most 
laboratories is usually constructed in a semiperma¬ 
nent manner with heat-treated seals of glass, Kovar, 
or solder. A counter so constructed renders itself 
quite awkward for exi:)erimentation, since a change 
in design requires either the construction of an 
entirely new counter or the careful breaking of the 
heat-treated seals. The counter herein described 

KOVAR METAL 



Fic, 1. DiaRram of the regulator for maintaining a constant 
pressure in a G-M counter. 
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Fig. 2. Thin window G-M tube designed for easy assembly. 

eliminates these difficulties by providing gasket 
seals which may be broken easily and quickly 
without damage to any portion of the counter 
mechanism. 

The body of the present counter is bored in a 
piece of brass cylinder, highly polished inside, and 
chromium jilateil. The purpose of plating the inside 
is to obtain a stainless, hard surface, easy to clean 
when the counter is taken apart. 

I'he filling mixture from the pressure regulator 
is fed into the counter through a be!lows«type 
Hoke valve (type No. 431). This type of valve has 
been tried on several counters and has always been 
found to be gas tight. The Hoke valve is screwed 
into a stainless steel plug and soft soldered to assure 
a perfect tightness. This plug is screwed into the 
flange of the counter. A 0.010"-thick indium gasket 
assures the tightness of all joints. Three of these 
gaskets are used in the present counter. A flexible 
brass tubing connects the counter to the pressure 
regulator. 

In the counter constructed here, which has a 
cathode diameter of 1", the anode used is a tungsten 
wire 0.006" in diameter and IJ" long, the end of 
which is insulated by a glass bead. It is hard- 
soldered into a brass threaded plug which is screwed 
into the central lead. T'his arrangement permits the 


easy replacement of the wire. No dimensions except 
those quoted above will be given, since other dimen¬ 
sions are not critical and can be readily adjusted 
to the purpose of the counter. 

The central lead is a stainless steel rod, hard- 
s(>ldered to a Stupakoff glass Kovar seal, which is 
itself soft soldered to a threaded plug similar to the 
one used with the Hoke valve. An indium gasket 
makes the joint tight. The window of the counter is 
a thin film of Zapon cemented with Formvar to 
•the end plate which is attached to the body of the 
counter by six screws. In this case again an indium 
gasket assures the tightness of the system. All of 
the surfaces inside the counter have been carefully 
polished and all the sharp edges broken. The plateau 
of this counter is flat between 1400 and 1600 volts 
when filled to 8 cm Hg of an argon (80 percent)- 
ethylene (20 percent) mixture. 

No rubber has been used in the system described 
above.* All the tubings are sylphons and the joints 
are similar to the one shown in Fig, 2, the tightness 
being obtained by the use of indium gaskets. This 
counter can be taken apart, cleaned with alcohol or 
ether, and, when mounted, will not show any 
variation either in the threshold or in the efficiency. 

The pressure regulator and G-M counter de¬ 
scribed have been added to a 180*^ beta-ray spec- 
trometer^ in this laboratory^ and have given satis¬ 
factory service during the course of investigations.* 
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Electronic Apparatus for the Determination of the Physical 
Properties of Freely Falling Raindrops 

Ross Gunn 

Physical Research Division, U. S. Weather Bureau, Washington, D. C 
(Received January 13, 1949) 

An apparatus is described for measuring the mass, velocity of fall, sign, and free electric charge of 
individual falling raindrops. Two vertically separated rings are so arranged that naturally charged 
raindrops fall through them and induce pulses on the grid of a vacuum tube amplifier which in turn 
operates a tape oscillograph. From the characteristic double pulses produced, the charges and transit 
times may be determined. The mass of the droplet is simultaneously determined by measuring the size 
of the spot produced when the drop falls on blueprint paper tape traversing the oscillograph. Short cuts 
for the reduction of data on drop sizes are given. 


S urprisingly Uttle information is available 
in the literature on the physical and electrical 
properties of natural precipitation, particularly in 
relation to the characteristics of single elements. It 
is the purpose of this paper to outline briefly the 
principles, design, and calibration of anew electronic 
instrument that has made possible a detailed study 
of natural raindrops in relation to their mass, 
velocity of fall, rate of evaporation, and transported 
electrical charge. It is l:>elieved that the instrument 
will be generally useful in further studies of the 
precipitation processes and the physical phenomena 
associated therewith. Improved methods for the 
rapid determination of approximate raindrop masses 
by the use of blueprint paper are outlined, since this 
method forms a valuable adjunct to the strictly 
electronic equipment. Perhaps the greatest value of 
the apparatus resides in the fact that it easily col¬ 
lects information on a large number of individual 
events, and these aj>pear to be more descriptive of 
weather processes than statistical results. 

BASIC PRINCIPLES 

It is an observed fact that a large fraction of all 
naturally falling raindrops or snowflakes carry ap¬ 
preciable electric charges. Moreover, it has been 
found practicable to indicate the proximity of such 
charged precipitation by suitable electronic ampli¬ 
fying equipment appropriately connected to an 
oscillograph. ‘ For example, if a carefully shielded 
and highly insulated induction ring is so p)Ositioned 
that a charged water droplet falls through it, the 
charge on the droplet by inducing an opposite 
charge on the ring, can be arranged to produce a 
pulse on the grid of a vacuum tube, which in turn 
can operate an amplifier and associated oscillograph. 
The magnitude and sign of the electrical charge on 
the droplet is measured by the direction and magni¬ 
tude of the pulse recorded on a moving tape 
oscillograph. It is further easy to see that by posi¬ 
tioning two similar inducing rings, separated by a 
knmn distance, and making provisions for the rain 

Ross Gunn, Phys, Rev, 71, ISl (1947). 


droplet to pass successively through both inducing 
rings, a double pulse will be recorded. Now, since 
the time between the two pulses may l>e measured 
by their relative displacements on a moving tape 
oscillograph, and this is the time it took the droplet 
to travel the distance between the fixed electrodes, 
it is clear that the velocity of the droplet may be 
easily and quickly determined. 

Because of the mechanical forces caused by turbu¬ 
lence and the electric fields occurring in the atmos¬ 
phere, the velocity of fall of natural raindrops of a 
given size is variable. For this reason, it was neces¬ 
sary to measure the mass of the falling raindrops by 
an independent means. Earlier work* has demon¬ 
strated that the mass of natural raindrops can be 
quickly and conveniently determined by allowing 
them to fall on blueprint paper. The rain droplets 
produce spots on the coated paper which can be 
made semipermanent by developing the paper with 
light. The method is an adaptation of one widely 
employed by early German experimenters who used 
ordinary absorbent paper, and dusted a water solu¬ 
ble dye over the spots to preserve the record.* To a 
first approximation the area of the spot is pro¬ 
portional to the mass of the impinging droplet, and, 
therefore, the size of the spot is readily calibrated in 
terms of its mass. 

The new apparatus combines the above elements 
in such a way that the signature traced by a droplet 
and the spot size are presented as simultaneous 
events on a moving paper tape. Thus, for each event 
the mass, velocity of fall, and sign and magnitude 
of the electric charge on each droplet may be de¬ 
termined. Obviously, such an apparatus is impor¬ 
tant in any study of the precipitation pnK:esses. 

THE APPARATUS 

The general arrangement and design of the first 
successful instrument is shown in Fig. 1. The outer 

• Rosa Gunn, Naval Research I-aboratory Technical Report 
A676A (October 1944). 

»J. Wieaner, Wien. Sita.-Ber. 104, 1397 (1895); P. Lenard, 
Meteorol. Zeiu. 21, 249 (1904). 
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Fig. 1. Arrangement of the apparatus and electrical circuits. 

shield of the instrument was an aluminum tube 18 
inches in diameter and about 10 feet high. The top 
of this tube was a cone having an angle of about 45 
degrees and arranged with a 6-inch hole at the top. 
A cover was provided as shown that could be turn^ 
back and be entirely clear of the hole. About 4 feet 
below the top, another cone with a hole about 4 
inches in diameter was arranged as shown. A slit was 
mounted over this hole in such a way that its sur¬ 
faces were about 45 degrees to the horizontal. It was 
found convenient to make this slit 4" long and 
variable in width from about J inch to f inch. Eight 
inches below the first slit, a highly insulated brass 
cylinder 6 inches in diameter and 6 inches long was 
mounted, concentric with the supporting tube and 
centered immediately below the first slit. Four feet 
directly below the first slit a second slit was mounted 
on another internal cone. This second slit was 
4"Xl" and was so aligned as to be immediately 
under the first slit. Below the second slit another 
highly insulated inductor electrode identical with 
the top one, was mounted and these two were joined 
electrically by an air insulated wire running down 
the large tube near its wall. 

Mounted in a dry compartment inside the large 
supporting tube was an electrometer tube having a 
high input impedance (such as the Victoreen 
VX-41). Its control grid was connected directly to 
both inducing electrics as shown in Fig. 1. The 
screen and plate voltages on this tube were adjusted 
by experiment so that the tube would modulate 
either upward or downward by the same amount for 
opposite i)otentials of the same magnitude on the 
grid. The magnitude of the input resistance placed 
across the grid and filament of the electrometer tube 
plays an imix)rtant part in determining the charac¬ 


teristic response of the apparatus to the elec'tric 
charge. For example, when the product of the input 
resistance, R, and the input capacity, C, or the 
electrical relaxation time is appreciably greater than 
the transit time of the charged particle through the 
electrode, the amplitude of the output pulse meas¬ 
ures the total quantity of the electricity on the 
droplet. On the other hand, if the relaxation time is 
notably less than the transit time, the magnitude of 
the pulse is determined by the current flowing and is 
proportional to the electric charge on the droplet 
*and to the velocity with which it traverses the 
electrode. Thus, when it is desired to use the appa¬ 
ratus to measure free electrical charge, the resist¬ 
ance-capacity product should be made large, and 
the charge magnitude may then be immediatcK 
scaled from the oscillograph trace, It has been 
found, on the other hand, that if the device is to be 
used to measure accurately the velocity of a particle 
traversing the inducing electrodes, then it is de¬ 
sirable to reduce the input resistance to make the 
relaxation time smaller than the transit time. The 
signature given by a traversal of the latter type ma\ 
be more accurately measured in terms of veloi iu' 
than the signature normally produced when the re¬ 
laxation time is large. Characteristic signatures for 
the two conditions outlined are shown in Figs. 2a 
and 2b. 

Immediately below the tube containing the slit. 
and inductor system, a shelf is provided to carry the 
oscillograph. The oscillograph was a Brush Labora¬ 
tory double channel Ty|>e BL-202 fed by one of their 
Type BI.-905 amplifiers. The standard recorder 
paper provided by the manufacturer was replaced 
by a roll of unexposed blueprint paper about 4" 
wide that was pulled through the feed by the small 
synchronous motor built into the oscillograph. The 
osttillograph is arranged to be movable on the shelf 
and is positioned in relation to the projected area of 
the slits in such a way that a droplet falling with a 
mean velocity of 400 cm/sec., arrives at the blue¬ 
print paper just at the position where the pulses 
produced by the same droplet are traced by the 
moving oscillograph pen. Thereafter, the blueprint 
paper with its spot of water and continuously inked 
trace is pulled through the oscillograph drive and 
thence down a trough about five feet long lined with 
50-watt electric light bulbs, where the wet spots are 
dried and the blueprint paper exposed to make a 
semipermanent record. T^e paper finally proceeds 
to a take-up reel driven by a weak friction clutch 
onto a final process roll. At the paper speeds usually 
employed, namely 2.5 cm/sec., the blueprint paper 
was adequately exposed to the light and sufficiently 
dried to wind up on the final spool. It has been found 
economical and convenient to buy the blueprint 
paper in wide rolls and cut them up into rolls of 
width to fit the oscillograph. 
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In practice the apparatus operates as follows: the 
top door of the instrument is opened* and a drop 
falls through the top cone and succeeds in passing 
the first slit. If it is not making a large angle with the 
vertical* it will pass the inducing ring at some dis¬ 
tance from its wall* and thence proceed to the 
second slit about a meter below. If the droplet is not 
well lined up* it does not get through the second slit 
and only a single pulse will be recorded. However, if 
the drop is moving in a substantially vertical direc¬ 
tion, it will pass through the second slit and traverse 
the second inductor, landing finally on the moving 
blueprint paper immediately l>elow. A pulse will be 
produced on the grid of the electrometer tube by the 
droplet as it traverses both the first and second in¬ 
ductors. Thus, characteristic double pulses are 
traced on the oscillograph paf>er for droplets so lined 
up as to traverse both slits. The direction and ampli¬ 
tude of these pulses determine the sign and free 
electric charge actually resident on the drop. Having 
traversed the slit and inductor system, the droplet 
falls on moving blueprint paper adjacent to the 
trace of its ow n double pulse, and the size of the spot 
it produces permits one to determine its mass by an 
independent measurement. A little experience en¬ 
ables one to associate the double pulses of the 
oscillograph with the proper spot on the blueprint 
paper. However, a certain .small fraction of the 
incoming raindrops are electrically neutral or dis¬ 
charge themselves by touching the edge of the slit, 
and these frequently confuse the interpretation. 

A number of typical signatures and rain spots pro¬ 
duced by natural raindrops are reproduced in Fig. 2 
both for positively charged droplets giving an up¬ 
ward pulse* and for negative ones producing a down¬ 
ward pulse, it may be noticed that the passage of an 
electrical charge through the highly insulated in¬ 
ductor system modifies the charge on the grid of the 
electrometer tube when high input resistances are 
employed, and thus, shifts the zero position of the 
oscillograph. For this reason, the second pulse is 
slightly displaced, although its magnitude in rela¬ 
tion to the new zero is the same as the original one. 
It may be noted* further, in Fig. 2a that the width 
of the second pulse is somewhat less than for the 
first one. This difference in width results from the 
different geometry of the lower inductor in relation 
to its surroundings. At first this difference was con¬ 
sidered a misfortune, but actually it has been most 
useful in defining the signature for an actual passage 
of a single drop. For example, two droplets oc¬ 
casionally traverse the first inductor only, in about 
the right sequence to produce a nearly typical 
sigriature* but by careful examination it is possible 
by the above characteristic to separate out these 
occasionally recurring pulses from the typical signa¬ 
ture for a single droplet. 

It should be evident from Fig. 2 that the velocity 


of fall of the droplets may be easily measured by 
determining the time interval between two suc¬ 
ceeding pulses of a given signature. Further, since 
the average terminal velocity for large numbers of 
naturally falling raindrops are now* available as a 
result of investigations with this apparatus, It be¬ 
comes practicable to determine the mass of a falling 
raindrop which has not been touched or contami¬ 
nated in any manner simply by knowing this 
measured time interval. It is clear that such a 
“weighing process” is most convenient in a number 
of measurements of the physical properties of 
raindrops. 

The reduction of the data displayed on the blue¬ 
print paper tape has been considerably simplified by 
the adoption of a convenient classification of rain¬ 
drop sizes together with the use of a transparent 
mask upon which is repnxluced the various spot 
sizes equivalent to various droplet masses. The 
added convenience of these short cuts suggests that 
the method will be generally used in further experi¬ 
ments. The magnitude of the electric charge on 
naturally falling raindrops is readily scaled from the 
oscillographic trace when the electrical circuits are 
calibrated with the standard to be described in a 
later paragraph. 

THE BLUEPRINT PAPER METHOD FOR THE MEAS¬ 
UREMENT OF THE MASS OF RAINDROPS 

Early German experimenters* '* made extensive 
use of the absorbent paper method for measuring 
drop size because of its convenience. Originally the 
droplets were collected on a suitable absorbent 
pap)er and the droplets developed by dusting the 
paper with a soluble dye. The size of the spot for 
uniform absorption by the paf>er may be calculated 
by equating the area of the spot multiplied by its 
effective thickness of absorbed water, to the volume 
of the incident raindrop. It is well known that this is 
only an approximation under most conditions and 
the effective thickness, determined by calibrating 

typical signatures 
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Fig. 2. CharacteriRUc signatures produced by natural rain. 
♦ E. Niederdorfer, MeteoroL Zeits. 49, 1 (i932L 
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measurements, varies slightly from the lafger drops 
to the smallest ones. Niederdorfer^ has estimated 
the various sources of errors and states that the 
aveisage error for the above method ranges from 6 
percent for the large drops up to 15 percent for 
droplets as small as 40 micrograms. 

The convenience of the original spot method en¬ 
couraged one to see if the method could not be ap¬ 
preciably improved. It was found that a good 
quality standard blueprint paper is practical for the 
determination of the mass of falling raindrops. Such 
paper, prior to its coating, is carefully freed of all 
grease and the sensitive coating is uniformly applied. 
This sensitized coating, being easily wetted, pro¬ 
motes the spread of the impinging droplet in such a 
way that the produced spots are nearly circular and. 
therefore, easy to measure with fair accuracy. How¬ 
ever, the over-all accuracy that may be achieved by 
the use of blueprint paper is about that obtained 
with ordinary absorbent paper sprinkled with dye 
unless unusual care is taken in the calibration of the 
paper, the control of its original moisture content, 
and in the'reduction of the data. 

It has been found that the determination of the 
actual masses from the size of the spot produced on 
the blueprint paper may be greatly facilitated by a 
classification scheme and by the adoption of a trans¬ 
parent photographic film provided with a large 
number of circles of graded size that may be slid 
over the various spots to determine their area. It is 
pointed out that because of the continuous deforma¬ 
tion and vibration of the freely falling raindrops, 
their diameter has little meaning, whereas the mass 
of the droplet is specific. Moreover, because the 
masses of natural raindrops vary from 10 to more 
than 100,000 micrograms, it seems necessary to 
adopt some method to collapse the scale. Critical 
examination of the problem suggests that the best 
and most convenient scale of raindrop masses will 
result if one adopts as a classification standard the 
Briggsian logarithm of the mass expressed in micro¬ 
grams. On such a scale, raindrops from the finest 
mist to the largest droplets fall in the range 0.00 to 
5.00, while fog and cloud droplets are to be found in 
the range from 0.00 to —5.00. With such an adopted 
scale of masses, as many significant figures may be 
retained as the accuracy of the data suggest. 

In developing means for rapidly classifying rain¬ 
drops from the size of spot produced on blueprint 
paper, it has been sufficiently accurate to divide the 
most common range of measurable droplets into 65 
intervals of 0.05 unit each. Such an arbitrary sub¬ 
division yields a scale in which each interval repre¬ 
sents a 12,2 percent increase in mass over the pre¬ 
ceding interval, but this represents only a 3.9 
percent increase in the effective diameter of the 
droplet. It should be clear that by the adoption of a 
uniform fractional increase in the for each 


interval, the area of the droplet spot produced on 
blueprint paper is similarly increased fractionally by 
the same amount. Thus, if broken circles are drawn 
on a large chart in such a way that their areas 
form a geometric progression of common ratio 
1.122 (logiJ«0,05), and if the assumption is 
made that the paper absorption or the mass of water 
per unit area of the spot is a constant, then it follows 
that the logarithm of the mass for each circle in¬ 
creases by uniform steps and appropriate mass 
values can be assigned to each circle. The above 
selection was made because a photographic reduc¬ 
tion of such a chart preserves the relative sizes and 
any selected mass per unit area may be exactly pro¬ 
duced by adopting the proper photographic reduc¬ 
tion. Thus, a carefully prepared master chart in 
which the relative diameters are accurately drawn 
p>ermits one, through easy photographic techniques, 
to produce a transparent mask that accurately fits 
any selected blueprint paper. By this means, the 
masses and radii of the original droplets may be 
directly read off of the mask when the appropriate 
circle is fitted to an actual spot on the blueprint 
paper. A reproduction of such a mask is given in 
Fig. 3. 

In order to determine the effective thickness of 
the water film absorbed by the paper, it is necessary 
to make calibration measurements. This was ac¬ 
complished by letting a number of droplets of, 
known mass fall upon the blueprint paper at their 
terminal velocity. The size of the spots produced 
thereby was measured to determine the area corre- 
six)nding to the known mass. From these data the 
photographic reduction factor to be applied to the 
original chart of circles was determined. In general, 
4 or 5 masks, all having slightly different reduction 
factors grouped about the calculated reduction were 
produced, and by the selection of one of these, the 
size of circle corresponding to a given droplet mass 
could be adjusted for a perfect fit. On the assump¬ 
tion that the effective thickness of the water film 
was constant, all other circles were automatically 
fitted, and the actual masses could, therefore, be 
read directly off the transparent mask. Slight de¬ 
partures from the basic assumption occasionally led 
to corrections for the smaller droplets. In practice, 
it has been found that the ordinary variations in the 
behavior of the paper, errors of judgment, and ab¬ 
sence of a perfectly sharp edge to the various spots 
are as great as the departures from the basic as¬ 
sumptions. In general, one attempts only to find the 
circle on the mask that best fits the spot to be 
measured. By carrying on the matching processes 
under a low power binocular microscope, it is found 
that different observers easily ^ee to within 0.05 
classification unit or to about 12 percent of the mass. 
Careful and experienced observers can successfully 
interpolate, but the spot method is not a very pre^ 
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dee one, and it is valuable principally because of its 
convenience. 

In the calibration of the blueprint papier, two 
methods for measuring the mass of the water 
droplets were employed. These two methods over¬ 
lapped for droplets of medium size and gave identical 
results. For the large droplets the masses were de¬ 
termined by catching one to several drops in a 
covered aluminum can with a layer of cotton lying 
on its bottom, covering the can immediately to stop 
evaporation and carefully weighing on a precision 
chemical balance. The mass of the smaller drops are 
moat easily determined by catching the droplets in a 
shallow glass pan filled with vacuum pump oil, 
coving the droplets as soon as caught by the oil, 


and measuring their diameter with a calibrated low 
power microscope. If this method is used for the 
larger drops, the vertical diameter, measured con¬ 
veniently by the use of a small, total reflecting prism 
immersed in the oil, must be detcrminetl along with 
the horizontal diameter. A small camels’ hair brush 
is employed when the droplets are first caught to 
cover them with oil. If the measurement of the 
diameter is made within a few minutes of capture, 
the absorption of the water in the droplet by the dry' 
oil is negligible. 

ELSCTRICAL CHARGE CALIBRATING UNIT 

In order that the above described apparatus may 
be the maximum utility and that the absolute 
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Fig. 4. Construction and circuits for calibrating dropper to 
produce successive droplets of constant mass and constant 
electrical free charge. 

value of the electrical charge on falling raindrops 
may be accurately determined, it is important to 
produce a standard impulse in the apparatus for its 
calibration. This has kxl to the development of a 
standardizing dropper that simultaneously produces 
consecutive drops of nearly uniform mass and places 
a free electrical charge of predetermined amount on 
each. It is theoretically possible to calibrate the ap¬ 
paratus by an absolute method employing ball 
bearings half submerged in a metallic plate and ex¬ 
posed to a charged parallel plate some distance away 
in such a way that when the ball is dropped, it 
carries a known and easily calculable charge. The 
method was tried with some success, but difficulty 
was encountered in getting the falling ball to detach 
itself from the supporting mechanism in a repro¬ 
ducible manner. A more practical solution is to con¬ 
struct a water dropper and arrange an inducing 
electrode so that each droplet carries an induced 
electrical charge of selected sign upon it. The design 
of the calibrating dropper is shown in Fig. 4 and is 
seen to consist of a V)ottle to supply the water, a 
hypodermic needle, and an insulated cylinder con¬ 
centric therewith. Water slowly dropping from the 
end of the needle, which has been carefully cleaned 
and ground to be at right angles to the axis of the, 
needle, is exposed to an electric field produced be¬ 
tween the needle and the cylinder by a battery of 


known and constantly measured potential» With 
appropriate care and keeping the drop rate close to 
one drop per second, it is found that the probable 
variation in the mass of each droplet is less than 2 
I^ercent, and the charge induced on each droplet by 
the surrounding cylinder is constant to better than 
1 jiercent. The mass of each droplet may be de¬ 
termined by the methods outlined elsewhere in this 
paper, and the average electrical charge on the 
droplets may be determined by catching a hundred 
(for example) droplets in an insulated cup directly 
connected to a calibrated electrometer and con- 
•denser system whose voltage sensitivity and ca¬ 
pacity are accurately known. This calibration can be 
carried out with little difficulty and the constant for 
the calibrating dropper determined once and for all. 
It is found over a limited range, that the charge 
induced on each droj^let is proj^X)rtional to the radius 
of the droplet an4 to the voltage difference applied 
between the water droplet and the surrounding 
cylinder, appropriately corrected for contact elec¬ 
tromotive force. Thus, if Q is the charge on each 
droplet in e.s.u., 

Q^KR{<p+A). ( 1 ) 

where K is the constant of proportionality and R is 
the radius of the droplet in centimeters. ^ is the bat¬ 
tery potential applied to the cylinder, and A is the 
('ontact potential, each expressed in e.s.u. With the 
particular dimensions shown inTig. 4 and employing 
droplets having a mass of about 10,000 micrograms, 
the constant of proportionality K as determined by 
calibration measurements is 1.03. The contact po¬ 
tential between the brass cylinder and water in our 
experiments amounted to about 0.25 volt and was in 
such a direction as to put a small negative charge on 
each droplet. Thus, if an inducing voltage of 30 volts 
is applied to the inducing electrode, the corrections 
for contact e.m.f. may be kept to less than 1 percent. 

In practice, it has been found convenient to con¬ 
struct an assembly consisting of a supporting 
metallic plate, the water reservoir, and inductor as¬ 
sembly, together with necessary batteries and a 
reversing switch, all arranged in such a way that the 
whole calibrating unit can be conveniently placed in 
position on top of the electronic analyzer so that the 
calibrating droplets fall through the apparatus. It 
has been practical to use this standard unit before 
every run in order to check the behavior of the 
apparatus since it is calibrated in terms of absolute 
electrical values, and the known mass of the droplets 
from the standard, can be used to calibrate the blue¬ 
print paper employed for recording purposes. 
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A Large Mass Spectrometer Employing Crossed Electric and Magnetic Fields 
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Because of continued general interest in this type of instrument and because of relationship with 
previously published work it has seemed desirable to report here the progress made, up to cessation of 
work in 1940, on a large crossed field mass spectrometer, the basic design features of which were 
directed toward a resolution of about 25,000 in order to jjcrmit its use for mass measurement. Although 
the instrument was necessarily diverted to less exacting applications before development was suffi¬ 
ciently complete to permit attainment of this high resolution, nothing in experience with the instru¬ 
ment indicated that the goal could not substantially have been reached. 


INTRODUCTION 

XT ARLY in 1937 the experiments of Bleakney 
and Hippie^ had proceeded far enough to give 
jiromise of realising in practice the advantages of 
perfect focus, linear mass scale, high intensity, and 
high resolution which they had predicted theoreti¬ 
cally for an m/e analyzer consisting of electric and 
magnetic fields at right angles to each other. Owing 
to the advantages which this type of analyzer 
appeared to have over the '‘double-focus'’ mass 
spectrometers,**'”® we were encouraged to undertake 
immediately the development of a high resolution 
instrument employing the new arrangement of 
fields. With the hope of attaining a precision at 
least equal to that of existing mass spectrometers® 
we planned for a resolution of about 25,000 using 
a slit-to-iniage separation of about 250 mm and 
an entrance slit width of about 0.01 mm. This 
would lead to a dispersion of 2,5 mm for I percent 
mass difference, and it was expected that a pre¬ 
cision of mass measurement of about 2 to 4 in 10® 
would be achieved. 

Our plans were so disrupted by the circumstances 
concomitant to the recent war that the instrument 
was not developed to a state suitable for mass 
measurement. It was, however, put in operable con¬ 
dition and applied to other problems,^ which fact in 
itself makes it desirable that the instrument be 
described in the literature. Further stimulus for 
presenting a description arises from the hope that 
some of the findings may be helpful in connection 
with other instruments of this type which have 
been or are being constructed. It will be of primary 
interest that we encountered in our work no phe- 
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^W. Bleakney and J, A, Hippie, Jr., Phys. Rev. 53, 521 
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»K. T. Bainbridge and E. 1 
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nomena which indicated that the ultimate goal 
could not have been attained. In particular, we 
found no evidence for radical departure from theo¬ 
retical resolution such as has recently been reported 
for a similar analyzer.^ 

If the description of the progress on the large 
mass spectrometer could have been presented when 
development work was stopped in 1940, the details 
of design might have been of sufficient general 
interest to justify protracted treatment. Now, how¬ 
ever, since the intervening years have brought 
many of the particulars of design and technique into 
the realm of general practice (and some into the 
state of obsolesc^ence), an attempt will be made to 
present the description as briefly as possible. A con¬ 
siderably more detailed treatment, including exten¬ 
sive drawings and photographs, can be made 
available to anyone desiring further information.® 

CONSIDERATION OF THE ORBITS 

The first detailed step in design was the selection 
of suitable orbits for the ions, in the discussion of 
which we shall use the notation of Bleakney and 
Hippie, except that in place of P (defined by their 
Eq. (13)) we shall use a parameter /3i defined as 
Vq/E, the ratio of accelerating potential in the ion 
gun to the analyzing field. This simply postpones 
consideration of mechanical details of design. 

Since it was proposed that the relative advantages 
of the curtate and prolate orbits be investigated in 
the new mass spectrometer, a number of trochoids 
of each type were drawn using the trochoid drawer 
described by Bleakney and Hippie.^ More or less 
intuitively a well-shaped trochoid of each type was 
then selected for trial as a mean orbit. The first 
criterion of a good orbit, obviously, was that it 
remain within the boundaries of a conveniently 
shaped vacuum chamber. In selecting the prolate 
trochoid a further consideration was that when 
adjusted for normal incidence on the focal plane it 
should have a wide enough cusp to permit the use 

•G. W. Monk, J. D. Graves, and J. L. Horton, Rev. Sci. 
Inst. 18. 796 (1947). 

•T. Mariner, Ph.D. thesis, Princeton, January 1947. 
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of a photographic plate or slit carriage of reasonable 
size. For the curtate trochoid special precautions 
were taken to avoid a sharp cusp, since failure to do 
so might lead to undesirable space-charge effects. 
Preliminary consideration of the mechanics of de¬ 
sign indicated that a 3" magnet gap would be used 
and that a 20" pole diameter would accommodate 
the prolate trochoid enlarged to the size required 
for a resolution m/Aw of 25,000 without placing 
any part of the orbit outside the probable uniform 
part of the magnetic field, which was taken to have 
a radius equal to the pole radius less the gap width. 
Actually, under this limitation, it was possible to 
enlarge the chosen prolate trochoid to a total span 
of 340 mm, with a slit separation 6 = 262 mm, so 
that a resolution of 26,200 would be anticipated 
with an entrance slit 0.01 mm wide. The curtate 
trochoid was then enlarged to make use of the total 
available span in the focal plane, so that for this 
orbit 6 = 340 mm and the theoretical resolution is 
34,000 for the slit width considered. One of the 
selected mean orbits is shown in Fig. 1. 

After the chosen orbits had been enlarged to the 
proper size, the parameters 6, ymax, and ymu were 
measured for each. Then a, p, and were computed 
using Eqs. (9), (17), and (18) of reference 1. Since 
a, and fit seemed to be the most convenient orbit 
parameters to use in connection with later mechani¬ 
cal and electrical considerations, $ and /3i were also 
computed. The expression for tan® in terms of 
known parameters was readily obtained by taking 
the ratio of Eqs. (13) and (14) of reference 1, and 
ffi was computed from the relationship 

= (p2. sin Vo/2a • sin*^), 

which, in turn, was obtained by using Eq. (13) of 
reference 1 in the expression for the initial kinetic 



Fig. 1. Schematic drawing of the arrangement of the electrode* 
in the cro»*ea-field mas* spectrograph. 


energy: Voe^mv^/2. Finally, the ratio of the mini¬ 
mum energy of the ions to their initial energy was 
computed from the relationship; 

F|nln/Fo*“ 1 "Fyinin/^l* 

The values of the orbit parameters thus computed 
for the two selected orbits are listed in Table I. 

The parameters thus far considered are associated 
only with orbit shape and position with respect to 
the focal plane. They involve relationships between 
Vof E, and H without specifying their order of 
magnitude, so that operating conditions are not 
fully defined until one of these has been selected for 
ions of a particular mass-to-charge ratio. A value 
£ = 200 v/cm was chosen after canvassing the 
power supplies already at hand. With this value 
of £, the initial and final energy of the ions would 
be 1760 volts for the prolate orbit and 820 volts for 
the curtate orbif. These values are sufficient to give 
photographic traces in exposures of a few minutes.*® 
With £=200 v/cm the minimum ion energy would 
be 685 volts for the prolate orbit and 45 volts for 
the curtate orbit. Since it would be possible to 
nearly triple £ and V^in for the curtate orbit em¬ 
ploying the power supply under consideration, and 
since it would be possible to build higher voltage 
equipment if required, the selected orbits seemed 
satisfactory from the standpoint of convenient 
shape, adequate final energy of ions, and adequate 
energy to minimize space chaise effects. They were 
therefore adopted and the instrument designed 
around them. 

THE ANALYZING CHAMBER 

The enclosure 

The vacuum chamber is a short cylinder 41" high 
outside and about 21" O. D. A l"-thick Armco iron 
cover rests on a recessed ridge cut into the top of 
the l"-thick sidewall (which was made of 18-8 
stainless steel on account of the low magnetic 
permeability of this material) and a 1 "-thick Armco 
iron bottom is arc-welded to the sidewall. 18-8 SS 
tubes of large diameter are welded into the sidewall 
at appropriate places to accommodate ion guns, 
slit mechanisms, pumping lines, and cold traps; and 
thirty smaller side tubes permit attachment of 
demountable Kovar glass seals through which elec¬ 
trical connections are made from an external voltage 
divider to the electrodes for the analyzing electric 
field, £. (Use of an internal voltage divider* would 
be more desirable from the point of view of struc¬ 
tural simplicity, but legs convenient for carrying out 
proposed tests on the effect of non-uniform electric 
fields.) 

** K. T. Balnbridge, J. Franklin Inst 212, 498 (1931). 
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The Electrodes for the Anal3rsing Electric Field 

In principle the electrode arrangement for pro- 
viding the analyzing electric field is a condenser 
with end plates spaced 27 cm apart and with guard 
rings or “picture frames*^'* every centimeter to re¬ 
duce edge effects. The assembly fills most of the 
vacuum chamber, shown in Fig. 2 with the cover 
removed. The end plates are made of fine mesh 
18-8 SS screen, and the guard rings are made of 
0.006" Nichrome V sheet. Each guard ring has a 
rigid retaining frame of Nichrome V on 

each side of it to keep it planar, and these unit 
assemblies are spaced from one another by mica 
washers. Six grounded tie rods of Nichrome V, 
insulated from the unit assemblies by Pyrex tubing 
and from the end plates by Pyrex blocks, are used 
to compress the whole array into a rigid unit. 

The guard rings project into the analyzing region 
past their retaining frames for a distance about 
equal to their separation, and the high ion beam 
clears all but two of the guard rings by a distance 
equal to about half their separation. 

There is no guard ring in the plane that passes 
through the axis of the analyzing chamber since 
the frame in this position holds the slit carriages. 
The adjacent guard rings therefore project into the 
analyzing region farther than the others and clear 
the ion beam by only 

The Slit Assemblies 

For mass measurement investigations it was pro¬ 
posed that an entrance slit of fixed width would be 
used and that a camera, operated through the exit 
slit port, would handle the plates on which the mass 
spectra would be reconJed. For preliminary survey 
work greater flexibility st^enicxl desirable, and the 
slit mechanisms constructed for this purpose were 
the only ones built. 

Three independent adjustments of the entrance 
slit are possible. These are effected through ex¬ 
tensible bellows so that all adjustments may be 
made while the instrument is in operation. One 
adjustment permits locating the entrance slit in 
the optimum position in the incident ion beam, 
another permits adjustment of slit width, and the 
third permits alignment of the slit with the mag¬ 
netic field to secure maximum resolution. Parallel¬ 
ism of exit slit and magnetic field is first secured by 
tilting the whole vacuum chamber. 

Two independent adjustments are possible on the 
exit slit while the instrument is operating. One 
external control adjusts the slit width and another 
turns a lead screw to which the exit slit carriage is 
attached, so that it is possible to scan mechanically 
a mass range with extreme values of m/e in the 
ratio erf about 2:1. The ion collector is mounted on 

^ An apt descriptive phrase borrowed from reference 8. 


Table L Characteristics of the selected mean orbits. 


Xl^aram- 

Orbit\<*ter 

h 

cm 

cm 

cm 

a 

cm 

p 

cm 

^0 

$ 

cm 

Vmim/ 

Prolate 

26.2 

IJ,6 

-5.4 

4.17 

9.5 

64.4'' 

89.5* 

8.8 

0.39 

Curtate 

,t4.0 

3.78 

-3.88 

5.42 

3.83 

90.75* 

35.0® 

4.1 

0.055 


the exit slit carriage, and the collector lead and its 
associated shield are arranged to tele8CO|>e so that 
they are effective at all positions of the exit slit. 

The slit carriages and the central frame in which 
they are tracked were all made of Nichrome V since 
preliminary tests indicated that this alloy could be 
run satisfactorily against itself in a vacuum. At 
infrequent intervals, however, the exit slit was 
locked by a ball of Nichrome V torn either from 
the central frame or the slit carriage by the other. 
This effect was eliminated by wiping both parts 
very lightly with a clean cloth slightly dampened 
with Lytton molecular lubricant C. 

In addition to the slit carriages, the central frame 
also retains a thin sheet of Nichrome V to cut off 
'Wth order” ion beams. If there are no obstacles in 
the analyzing region, ions of mass to charge ratio 
m/Ne^ where N is an integer greater than 1, will be 
detected under the same conditions which permit 
detection of ions of mass to charge ratio m/e. 
Where prolate orbits are involved, the general 
condition for eliminating this possibility is some¬ 
what more critical than that stated by Bleakney 
and Hippie^ for curtate orbits, and requires that a 
length somewhat greater than b/2 be blocked off In 
the focal plane in one piece either beginning at the 
entrance slit or ending at the exit slit, 

THE VACUUM SYSTEM 

All of the demountable joints in the vacuum 
system are sealed with rubber gaskets, neoprene 
being used where there is exposure to oil vapors. 



Fig. 2. Photo^aph of the vacuum chamber with top cover 
removed. The size may be estimated from the 30-cm scale at 
the top of the photograph. 
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Permanent joints in the vacuum chamber itself are 
arc-welded, except that the stainless steel bellows 
associated with the slit controls are attached with 
solder. Solder was also used in the pumping lines. 
Electrical connections are brought into the vacuum 
through tungsten pinches in the Kovar glass seals, 
which are themselves mounted on rubber gaskets. 

The seam welds of the stainless steel bellows were 
the only troublesome source of leaks until they were 
sealed with clear glyptal, which proved sufficiently 
flexible not to fail in use. Only one or two leaks 
were found in the other welded and soldered joints, 
and none in the metal-glass seals. Of all the rubber 
gasketed joints only the cover seal leaked, and this 
only when the magnetic field was on. Wedges 
between the top pole piece and the cover rectified 
this trouble. 

A temporary vacuum system consisted of a four- 
stage Leybold Hg diffusion pump backed by a 
Hypervac. In addition to the liquid air trap on the 
vacuum chamber proper, there was also rtne on top 
of the diffusion pump. The small throat of the 
diffusion pump (1" diameter) limited the pumping 
speed at low pressures, and the small forevacuum 
lead (i" diameter), which is an integral part of the 
Leybold pump, prolonged evacuation time; thus 
the system was not satisfactory. 

The final vacuum system consists of a metal 
fractionating oil diffusion pump (employing Oct- 
oil-5), which evacuates the mass spectrometer 
through a 4i"-diameter line, and a Kinney model 
CVD5S6 mechanical pump operating through a 1''- 
forevacuum line. A large manifold above the oil 
pump contains a copper liquid air trap. Although 
the speed of the diffusion pump was not measured, 
it is commonly accepted to be 80 litres/sec. Valves 
are provided to isolate the diffusion pump, a back¬ 
ing volume, and the manifold, so that the diffusion 
pump can be kept operative while the vacuum 
chamber is at atmospheric pressure. “Roughing"’ 
of the vacuum chamber can then be effected 
through a l"-diameter bypass tube. 

The performance of the vacuum system proved 
entirely satisfactory. One test was made to get 
rough data on the speed of evacuation. The mass 
spectrometer was initially at atmospheric pressure 
while the manifold was being continuoiisly evacu¬ 
ated by the oil diffusion pump working into the 
backing volume. After the Kinney pump was 
started, the bypass valve was opened for 2J minutes 
and then closed, immediately after which the gate 
valve between the diffusion pump and the mass 
spectrometer was opened. One-half minute later 
tile pressure in the manifold above the diffusion 
pump was only forty percent greater than normal 
ultimate pressure. After a total elapsed time of ten 
minutes the filament of the ion gun was safely lit. 

No attempt was made to measure absolutely the 


ultimate vacuum attained since the performance of 
the mass spectrometer itself was the final test. 
However, Pirani gauges and ionization gauges were 
used in leak hunting and the latter provide a 
reasonable basis for estimating the ultimate vacuum. 
The Western Electric D-79510 and D-79512 gauges 
are operated from a mtxlified Ridenour Lampson*^ 
circuit which maintains 10-ma grid current at 300-v 
grid voltage under running conditions and has 
convenient arrangements for outgassing the gauges. 
One gauge is inserted at the top of the manifold 
above the diffusion pump and the other is mounted 
on the mass spectrometer shell among the leads to 
the analyzing field electrodes. With liquid air on 
the manifold and vacuum chamber traps, plate 
currents of the order of 0.7 microampere were 
customarily obtained on both gauges. Extrapolation 
of the data of Jaycox and Weinhart^^ to a grid 
voltage of 300 vglts gives an estimated pressure of 
1 XlO""® mm Hg under the operating conditions. 

Before the temporary pumping system was dis¬ 
carded, a test was made to compare the efficacy of 
the old and new arrangements. With the Hg pump 
working, the plate current of the vacuum chamber 
ionization gauge was read and the intensities of the 
background ion beams in the low mass range were 
measured. The stopcock to the Hg pump was then 
closed, the gate valve to the oil diffusion pump 
opened, and similar measurements taken again. The 
results given in Table 11 indicate the superiority of 
the oil diffusion pump and the larger pumping lines. 

It was hoped that tests could be made to deter¬ 
mine the degree of necessity for the liquid air trap 
above the oil pump, but time did not permit. Data 
bearing on this point have subsequently been ob¬ 
tained by others.^* 

THE MAGNET 
General Remarks 

The pole radius was selected by consideration of 
the probable minimum slit widths and the maxi¬ 
mum resolving power desired, allowances being 
made for probable loss in usable radius due to edge 
effects. The loss was taken to be equal to the effec¬ 
tive gap width; and this was justified by subsequent 
measurements of the field distribution both parallel 
and perpendicular to the pole pieces. The other 
dimensions of the magnet were made compatible 
with the cross section of the pole, with work space 
requirements, and with space needed for windings. 
Room was left for more windings than required for 
the immediately proposed application in order that 


L. N. Ridenour and C. W. Lampaon, Rev. Sci. Inat, 8, 162 
(1937). 

^ E. K. Jaycox and H. W. Weinhart, Rev. Sci* Inat* 2. 401 
(1931). 

T. D. Morgan, Rev. Sd. Inat. 18, 926 (1917), 
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the magnet should not be too restricted in useful¬ 
ness. Rough calculations indicated that the shape 
of the magnet would have little effect on the cost 
within the limits of practical design; therefore, 
convenience was given first consideration. Of great 
assistance’*''*'* in designing the magnet were the data 
on the model magnet for the cyclotron.*^ 

The Coils 

In order to be able to utilize as nearly as con¬ 
veniently possible the maximum power output of 
any one of three different generators which might 
be assigned to the mass six^ctromcter, it was neces¬ 
sary that the total winding for which room was 
provided be split into twelve separate coils wound 
with No. 6 copper wire. Square wire was selected 
to minimize winding losses and to aid in cooling; 
and asbestos plus single cotton insulation was 
selected for durability and heat resistance. 

Each coil is a 3v30-pound ''pancake” (44|" O. D. 
Xl|'' thick) of 373 turns, with a resistance of 1.1 
ohms. After being wound, each coil was baked and 
impregnated with transformer varnish, not only to 
exclude vapors, but also to make the coils rigid and 
to aid in cooling. Twelve such coils could utilize a 
maximum of 17.4 kilowatts from a 20-kilowatt 
120-v d.c. generator, or 39.3 kilowatts from a 
40-kilowatt 120-v or 240-v d.c. generator. The 
corresponding current densities arc 222 amp./cm® 
and 334 amf>./cm^. With twelve coils these upper 
limits of current density correspond to 21,300 and 
32,100 ampere-turns/cm of gap, and the model 
magnet data indicate that about 14 kilogauss may 
be obtained at the lower power using cylindrical 
poles, whereas about 18 kilogauss may be obtained 
at the higher power using complex poles. 

Although original plans called for twelve coils 
with water-cooled separators, only eight were in¬ 
stalled. These were air-cooled, since the need for 
very high fields was not in view. Moreover, develop¬ 
ment work on the mass spectrometer had to be 
terminated while tests were in progress on electronic 
control of the synchronous motor generator set 
assigned to the mass spectrometer. Storage batteries 
were therefore used in the application of the instru¬ 
ment already reported.’ 

The Core 

The core**** of the magnet looks somewhat like 
a cyclotron magnet core 62" long, 55" high, and 
20" wide in outside dimensions. It was made as a 
one piece 6.5 ton casting of Armco electromagnet 

**♦ We are indebted to Dr, M. G. White for the use of these 
data prior to publication. 

^ M. C. Henderson and M. G. White, Rev. Sa. Inst, 9, 19 
the American Roiling Mill Company, Middle- 

town, Ohio. 


iron so proportioned as to present to the flux 
approximately the same total cross section through¬ 
out. After the casting was made, part of the center 
section was cut out and the pole tips machined. 
In order to provide for the possibility that contoured 
poles might be desirable in future applications of 
the magnet, a six-inch length of each pole tip was 
made removable. With the pole tips in place, the 
gap is 5", but this is reduced to an effective 3" by 
the cover and bottom of the vacuum chamber. The 
pole tips var>' in diameter from 20" to 20J" and 
are out of vertical congruence by in the worst 
place. The 5" gap is uniform to within 0.002" in 
the worst place, and there is no evidence of voids 

n the casting, 
i 

VOLTAGE SUPPLY, STABILIZER, AND CONTROL FOR 
THE ANALYZING ELECTRIC FIELD 

To be consistent with the initial goal with regard 
to resolution, the analyzing field should have a 
stability of about one part in 250,000, at least for 
periods of a few minutes, and for convenience 
should generally be coupled to the ion accelerating 
voltage in such a way as to maintain a constant 
ratio of the two. Only preliminary progress was 
made toward the first objective, and consideration 
of practical schemes for realizing the second was 
not undertaken. 

In the previously reported application of the mass 
spectrometer’ the analyzing field was supplied from 
a 27-segmenl voltage divider with a total resistance 
of 2.7 megohms. This was attached to the output 
of a degenerative stabilizer based on the circuit of 


Table II. Comparison of backgrounds with Hg and oil 
diffusion pumps (liquid air on all traps). 


Ionization gauge 
plate current 

With Hg pump 

l.S-2.0 Ma 

With oil pump 

0.6-0.7 ma 

mje 

Approximate 
height 
in arbitrary 
units 

Approximate 
peak height 
in arbitrary 
units 

12 

6.0 

0.8 

14 

44.0 

9.0 

15 

7.0 

<1.0 

16 

25.0 

4.0 

17 

23.0 

10.0 

18 

92.0 

41.0 

20 

3.0 

1.0 

21 

7.0 

2.5 

28 

580.0 

100.0 

29 

17.0 

6.0 

30 

2.0 

<1.0 

32 

84.0 

22.0 

34 

1.5 

<1.0 

36 

1.8 

0.6 

39 

2.0 

1.2 

40 

13,0 

2.0 

41 

16.0 

7.5 

42 

4.0 

1.3 

43 

19.0 

9.5 

44 

25.0 

4.2 
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Fig, 9 in the paper of Hunt and Hickman,^® A full 
wave voltage doubler rectifier supplied the input to 
the stabilizer. The output voltage of the stabilizer 
was adjustable over the range 1100 to 5400 volts 
by variation of a resistance constituting part of a 
bleeder in parallel with the voltage divider. Con- 
veniently, the output voltage of a degenerative 
stabilizer of this type varies nearly in inverse pro¬ 
portion with the control resistance, with the obvious 
consequence that the control resistance is nearly 
proportional to the tn/eoi the ions being observed. 

A basic feature in the design of the analyzing 
chamber was that the slit plane be at ground * 
potential, which, in turn, required that the voltage 
divider supplying the analyzing electric field be 
grounded at a point not common to either side of 
the rectifier or stabilizer. Since all leakage currents 
from the power supply to ground must complete 
their circuits through the voltage divider in such 
an arrangement, it is desirable, first, to minimize 
such currents by using specially selected or specially 
constructed power supply components, and, second, 
to minimize the importance of the currents by using 
a large divider current. The decision to use an 
existing power supply for the work of reference 7 
limited the extent of possible compliance with the 
second consideration. However, in keeping with the 
first consideration, it was found possible to sub¬ 
stantially improve the stability of the analyzing 
field by rebuilding several critically located circuit 
components. Since greater refinement was not re¬ 
quired for the purposes at hand, work was termi- 



Fig. 3. Sp>ectrum of formic acid in the masi» range 43 to 48. 
/foam Hickman, Rev, Sci. InM. 10, 6 


nated when the d.c, fluctuations in the voltage 
divider had been reduced to about one part in 
30,000 and ripple had been reduced to amplitudes 
of 3-7 and l.S parts in 10,000 in the negative and 
positive branches of the load, respectively. The 
ripple probably arose mostly from leakage between 
the primary and secondary of the high voltage 
transformer, there being only 10'**-ohm resistance 
between them. 

THE ION GUN 

No development work was done on ion guns 
designed to take advantage of the permitted large 
angular spread in the ion beam. For survey work 
and for application to the investigation already 
mentioned^ a conventional type of ion gun was 
built. Storage batteries were used to heat the 
conveniently replaceable tungsten filament whose 
emitted electrons were accelerated downward in 
two independently adjustable steps. After passage 
through the ionization chamber the electrons im¬ 
pinged upon a collector held positive with respect 
to the ionization chamber in order to suppress 
secondary emission. A vacuum tube microammcter 
patterned after that of Shepard Roberts*® was used 
to measure the collector current. The sample gas 
was led through a reentrant tube and introduced 
directly into the ionization chamber in a stream 
(directed counter-current to the electron beam) in 
order to gain a factor of about two in ion in¬ 
tensity.*^ 

Before encountering the entrance slit to the 
analyzing chamber the ion beam passed through 
three slits in the ion gun. The first of these was 
generally only a few volts negative with respect to 
the ionization chamber. Between the second slit 
and the ionization chamber only 10 percent of the 
total ion accelerating voltage was applied in order 
to minimize penetration of the ionization chamber 
by the accelerating field. The final slit was at ground 
potential so that no electric field was present be¬ 
tween it and the entrance slit to the analyzer. 
Since the ion gun had to be tilted with respect to 
the entrance slit plane in order to fulfill conditions 
for the selected orbit, a non-uniform field would 
otherwise have prevailed, making it difficult to 
compute the ion orbit between the ion gun and the 
slit plane. 

The relative positions of the slits in the ion gun 
were selected after the orbits of the electrons and 
ions had been calculated under several sets of 
conditions. (The orbits can be treated by the same 
equations which apply to the orbits within the 
analyzing chamber if the electric fields within the 
ion gun are assumed to be uniform.) 

“Shepard Roberts, Rev. Sd. Inst. 10, i8l (1939). 

“ Leonard B. Loe^ Kinetic Theory of Gases, 2nd Edidon 
(McGraw-Hill Bopk Company, Inc., New York, 1934). p« 309. 
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The position of the ion gun was adjusted to be 
consistent with the requirements for securing the 
selected prolate orbit in the analyzing region. 
Energy for accelerating the ions was provided by a 
stabilized power supply basically the same as that 
used for the analyzing field, but operating at lower 
voltage. For convenience, the output meters of the 
two stabilizers were made to read the same when 
/3«8.8 as required for the orbit selected. 

THE ELECTROMETER TUBE AMPLIFIER 

The ion currents were measured on a Barth type 
amplifier^*-** using a Western Electric D-96475 tube 
and a Leeds and Northrop galvanometer with a 
maximum current sensitivity of 9X10“*^ amp./mm 
at 1 meter, which can be reduced by an Ayrton 
shunt. The sensitivity of the amplifier is 108,000 
mm/volt on highest galvanometer sensitivity. Ran* 
dom fluctuations were generally of the order of. 
0.75 mm on 10^°-ohm shunt, full sensitivity. Both 
electrostatic and magnetic shielding were provided 
for the electrometer tube, and its enclosure was 
evacuated. 

Conclusion 

As mentioned at the beginning of the paper, the 
original purpose in building the mass spectrograph 
was to obtain an instrument of high resolving 
power, high intensity, and great utility. Circum¬ 
stances permitted only a few studies of ionization 
processes, in which the high resolving power was 
not required and hence not exploited. The operating 
parameters used for our research were 6»262 mm, 
//«2200 gauss, exit slit width 3.17 mm, and en¬ 
trance slit width 0.05 mm. The slit widths represent 
nominal values inasmuch as no attempt was made 
to secure accurate alignment with the magnetic 
field. The theoretical resolution was thus about 81, 

Zeits. f. Physik. 87, 399 (1934). 

*» D. B. Penick, Rev. Inst. 6, 115 (1935). 


and the observed resolution differed from this by 
less than 5 percent. 

Although the above result means little *with 
regard to ultimate resolving power, one can see 
from the slope of the sides of the peaks in Fig, Sf ^ 
that this must be quite high, probably greater than 
1000, even with slits not carefully aligned. Certain 
preliminary runs made under somewhat different 
conditions than those quoted above implied con¬ 
siderably higher values of ultimate resolving power, 
and nothing in our experience with the instrument 
indicated that the goal of 25,{X)0 could not sub¬ 
stantially be reached. 

In other respects the device measured up to 
expectations. The peak shapes were uniformly sym¬ 
metrical and the tops were really flat. Intensity 
was excellent, and stability was very good except in 
a few instances when the effects of improvisations 
in some of the circuits became apparent. Although 
vacuum conditions were about as expected, reduc¬ 
tion of background would have been undertaken 
prior to more exacting applications of the instru¬ 
ment. 
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scale within which the combination of resistance elements was 
changed, a large one replacing the sum of ten smaller ones. 



THE REVIEW OK SCIENTIFIC INSTRUMENTS 


VOLUME 20. NUMBER 4 


APRIL. 1049 


A Novel Recording Accelerometer 

* 

Arthur S. Ibbrall 

NationtU Bureau of SUindardSt Washin^hn, D. C. 

(Received January 3, 1949) 

The novel features of a small recording accelerometer of slow chart speed are described. Principally, 
these are its compactness—the recorder, less power supply, fits into a panel type aircraft instrument 
case—and the use of spark recording to obtain a visible record on a paper chart. Components selected 
to achieve compactness are a timing type synchronous motor to drive the chart; a 3S mm film cartridge 
to store the chart, and a model airplane spark coil to provide a high voltage repetitive spark. A simple 
preliminary chemical treatment for ordinary paper was developed to obtain an in tens! fi^ trace on the 
record chart. Small or panel type recorders of other physical quantities can be similarly built, applying 
the main features of this design. 


INTRODUCTION 

A t the request of, and with the financial support 
of the Aero Medical Laboratory of the U. S. 
Air Force, the National Bureau of Standards under¬ 
took the development of a recording accelerometer 
to be used in testing personnel in flight. It was 
essential that the size be small. Other requirements 
were a range of 12 g, accuracy within 4 percent of 
full scale, a natural frequency of 10 c.p.s., a perma¬ 
nent record visible while recording, a paper speed 
between 4 to 12 inches per minute uniform to 
within 5 percent, and, if electrically operated, opera¬ 
tion from 28 volts d.c. 

The method of design, illustrated in an experi¬ 
mental model, may be followed in constructing 
other small or panel type slow speed recording in¬ 
struments using certain existing sensitive elements 
without seriously modifying them. 

An exploded isometric drawing of the recorder is 
shown in Fig. 1, and a schematic diagram of the 
power supply is shown in Fig. 2. The description 



of the recorder can best be followed by reference to 
the figure. 


CASE 

A small rccordmg instrument desirably should be 
designed to fit into a case of mcxlerate depth, with 
a small, round or square dial. The preference for a 
conventional aircraft installation for this instru¬ 
ment led to the choice of a standard aircraft panel 
type case. The case of a rate-of-climb indicator, C, 
Fig. 1, is particularly suitable because of a setting 
shaft, G (part of the zero setting mechanism) built 
into one square corner. The setting shaft is utilizetl 
to transmit power from a motor (placed in the back 
of the case) to the front of the case without en¬ 
cumbering the inside of the case. 

MOTOR 

Small synchronous timing motors are suitable for 
a chart drive because of their small size, their uni¬ 
form sj>eed, their operation at the common supply 
frequency of 60 c.p.s., and their availability in a 
wide range of shaft speeds (integral gear trains 
provide shaft speeds from 10 r.p.m. to 1 r.p.d.) 
with a torque output up to 30 in.-oz at 1 r.p.m. 
Their application depends upon being able to design 
a chart drive sufficiently free of friction. It is esti¬ 
mated that these motors cannot be used to obtain 
linear chart speeds in excess of 100 inches per 
minute. However, they are satisfactory for chart 
speeds of about 10 inches per minute. 

A 2-r.p.m., 3-watt, 24-volt, 60-c.p.s. motor, E, 
was chosen for the recorder. Jt is mounted back in 
the case on tubular shims and fastened from the 
back of the case with screws. Its location in the 
case is chosen so that its shaft overlapped the setting 
shaft, to permit gear coupling. 


Fig. 1. Schematic layout of component parts of the ac¬ 
celerometer recorder. (A—false bottom, B-^park coil, C— 
case, D—high voltage receptors, E—motor, I^motor spur, 
G—shaft, H™«haft spur, I—shaft spiral gear, J—cover, 
K—driven spiral gear, L—sprocketed roller shaft, M— slotted 
guide bar, N--^cceleromcter element, O—plate electrode, 
P—banana plugs, Q—cartridge slot, R—cartridge.) 


GSARING 

A set of spur gears, F and H, of approximately 
one to one ratio connects the motor to the setting 
shaft. The only limitations on the gear sizes are 
that the shaft spur must be large enough to permit 


304 




NOVEL RECORDING ACCELEROMETER 


305 


its teeth to project from the setting shaft pocket, 
but small enough to fit in the pocket, and the motor 
spur gear diameter must be large enough to clear 
the motor and engage the shaft spur gear. In the 
experimental model, the shaft and motor spurs had 
40 and 60 teeth respectively. 

Rotary motion is transformed from perpendicular 
to parallel to the plane of the cover by means of a 
set of like-rotation spiral gears, I and K, one of 
which is mounted on the setting shaft. The spiral 
gears have the advantage of establishing the axis 
of rotation as far over to one side of the case as 
ix)ssible. leaving the front end of the case still 
relatively free. 

RECORD DRIVE 

The proximity of the spiral gear axis to the side 
suggested that the rcc'ord chart could be pushed 
through the case for the short remaining distance. 
Considerations of loading and storing the record 
chart pointed to the desirability of mounting, 
driving and storing the chart on the cover (sec J). 
The favorable mating characteristics of spiral gears 
made them the logical breaking point of the driving 
connection. 

The cover glass of the conventional case was 
therefore removed and replaced b>' a thick trans¬ 
parent plastic disk. The second spiral gear, K, was 
pressed on a shaft retained by two bearings mounted 
on the inside of the cover. Sijice 35 mm appeared 
to be approximately the widest record width prac¬ 
ticable. and made possible the use of replace¬ 
ment parts from cameras, this size was adopted. 
A sprocket drive from a 35 mm camera was there¬ 
fore adapted to drive the record chart by pressing 
it on the same shaft as the driven spiral gear. The 
chart thus passes underneath the sprocketed roller 
shaft. L, in the inside plane at the cover. The cover 
is undercut in narrow slots underneath the sprocket 
teeth. 

The record chart is stored in a 35 mm film car¬ 
tridge. The cartridge, R, is mounted from the out¬ 
side of the cover in a semi-cylindrical hole (not 
visible in the figure), formed as far over to the side 
of the cover opposite the sprocketed roller as 
possible. A slot, Q, cut in the bottom of the hole 
permits the tangent lip of the film cartridge to 
project into the case. The record chart is thus 
drawn from the cartridge with minimum number of 
contacts by the sprocketed roller. 

In order to pass the chart out of the case, a 
U-shaped slot (not visible in the figure) was cut in 
the case and a slotted guide bar, M. attached to 
the cover, was put in this space. With the gearing 
and motor used, a chart speed of 6} inches per 
minute was obtained. 


ACCELEROMETER ELEMENT 

A range of about 12 g*units and a natural fre¬ 
quency of about 10 c.p.s. were required for the 
accelerometer element. Coupled with small-size for 
th^ recorder and the consequent use of a recording ^ 
paper 35 mm wide, this led to the use of a simple 
mass and spring element, without mechanical multi¬ 
plication of the mass displacement. A scale sensi¬ 
tivity of about one g-unit per 1/16 inch was 
obtained. 

A fixed shaft, on which a bob slides, was mounted 
in two bearings attached to the inside of the cover 
plate between the film cartridge and the sprocketed 
drive roller (see N). The bob size was chosen to be 
as large as could safely fit in the available space 
(limited by the motor, the cover plate, the car¬ 
tridge, and the roller). The shaft size was chosen to 
have high rigidity. A spring of appropriate diameter 
(0.02-inch wire) was wound to slide freely on the 
shaft. In order to restrain the bob from rotating 
(so that an electrode might be mounted on it), 
a V-groove was cut in the shaft, and a steel ball 
was inserted in a snug radial hole which passes 
through the bob. ITie ball was retained in the groove 
by a set screw. The spring was attached at one 
end of the shaft to an externally threaded sleeve, 
keyed to the shaft, and at the other end, to a 
similar sleeve threaded into the bob. 

The use of a porous oil-impregnated metal for 
the sleeve inside of the bob provided some damping. 

RECORDING MEANS 

The repetitive puncture of a paper chart by a 
high voltage spark was used to obtain a record 
trace. This system has the advantages of permitting 
recording at the back of the paper, securing a 
record visible immediately at either front or back 



Fio. 2. Schematic layout of the power supply for the ac¬ 
celerometer recorder. (A—vibrator (5 terminal, 28 v, 50 w, 60 
c.p.s.). B—coupling transformer, C—filter condenser (16 
m.f.d.), D—motor (25 v, 60 c.p,s., 2 r.p.m., 3 w). E—limiting 
resistor (IS ohm, 25 w), F—bypass condenser (100/if), G— 
tuning ^ndei^ (4 /if), H—spark coU (mode! airplane coil), 
I—spark gap.) 
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without the need of subsequent development, and 
of having no writing friction. 

The recording electrodes consist of a nickel tip 
screwed into the bob (a point electrode) and the 
edge of a plate, O, mount^ directly under this tip 
on the inside of the cover (a line electrode). The 
electrode spacing is approximately 0.008 inch. The 
electrode plate is countersunk in the cover and is 
slightly wedge-shapetl so that the edge, underneath 
the point electrode, projects slightly above the 
plane of the cover. The paper rides over this edge 
and is punctured along this line as the bob deflects. 

In order to minimize the risk of shock to personnel 
and to permit free removal of the cover, the plate 
electrode is made the high voltage electrode, leaving 
the bob at low potential. The supply voltage to 
both electrodes is brought in by conducting strips 
from banana plugs, P, screwed into the cover plate. 
Mating receptors, D, are fastened to the inside of 
the case. A small spark coil, B, furnishing the high 
voltage, is mounted in a slot cut in the back of the 
case. The slot is covered over by a false bottom, A, 
added to the case. 

POWER SUPPLY 

The electrical requirements of the recorder are a 
24 volt, 60-c.p.s. sine wave for the synchronous 
motor, and a high voltage for the sparking elec¬ 
trodes, preferably in the form of a repetitive voltage 


**pip.” The supply voltage available in aircraft is 
28 volts d.c. The requirements were successfully 
met through the use of a 60 c.p.s. vibrator. The 
vibrator used. A, Fig. 2, has a main driving reed 
contact and an additional set of single-pole double¬ 
throw contacts. The description of the power supply 
may be followed by reference to Fig. 2, 

Two half waves from the double throw contacts 
are coupled together in the center tapped primary 
of a small transformer, B. The transformer and a 
shunt condenser, C, form a filter circuit for the 
60 c.p.s. wave. This furnishes the motor supply 
voltage (see D). 

The main reed contact passes a voltage con¬ 
sisting of 28 volts d.c., while the reed contact is 
closed, and a “pip” of opposite polarity while the 
reed contact “breaks,*’ due to the inductive delay 
of the vibrator coil. The only spark coil of minute 
size available is a^nodel airplane coil, H, operating 
on 3 volts, so that a matching circuit had to be 
devised to permit using the vibrator output. 

The d.c. component from the reed contact is 
reduced by a dropping resistor, E, shunted by a 
large capacitance, F, which passes the “pip.” This 
supply is then fed to the spark coil. The spark is 
intensified by the use of a shunt capacitance, G, 
across the primary of the spark coil. The two shunt 
capacitances have the additional function of quench¬ 
ing the reed contact spark. 



Fig. 3, Typical calibration and performance records obtained with the accelerometer recorder. (A—trace at simulated altitude, 
n—trace with rapidly oscillating accelerations, C—static calibration trace, I>^trace under cydic accelerations)^ 
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In order to avoid external lines for the high 
voltage, the spark coil is built into the instrument 
case, for which the only available space is behind 
the motor. 

The remainder of the power supply elements— 
vibrator, transformer, resistors, capacitances—are 
housed in a small radio chassis. The operation of a 
switch simultaneously starts or stops the motor 
and spark. 

PAPER 

A SS-mm single weight perforated photographic 
paper from which the emulsion had been removed 
was chosen for the record chart. It was found that a 
higher energy level than available from the small 
spark coil was necessary to form a trace easily 
visible at ordinary reading distances. A chemical 
treatment was developed for the paper that would 
intensify the trace as it formed. Among the various 
chemical solutions tried, the following was found 
to be quite satisfactory. The function of each 
chemical is given in parenthesis. 

In one liter of distilled water dissolve 

100 g potassium nitrate (oxidizing agent) 

50 g gum acacia (binder) 

5 g potassium chloride (catalyst) 

5 g ammonium nitrate (oxidizing agent) 

0.3 g potassium hydroxide (alkali) 

0.5 mi formaldehyde (hardening agent) 

6 drops of 5 percent .Aerosol OT (wetting agent). 


The paper was immersed in this solution for one 
minute and then passed over a heated dryer. The 
belt tension of the dryer was adjusted to produce as 
little distortion as possible in the paper. 

PERFORMANCE 

The experimental accelerometer was given some 
laboratory tests to determine its performance before 
being delivered to the Aero Medical Laboratory. 
Figure 3 shows some representative data. The first 
strip, A, Fig. 3, shows the effect of reduced pressure 
(simulated high altitudes) on the dispersion of the 
trace; the second strip, B, shows the adequacy of 
the trace under oscillatory conditions; the third 
strip, C, shows the static calibration of the ac¬ 
celerometer in a centrifuge, and the fourth and 
fifth strips show, D, the performance of the accel¬ 
erometer in a centrifuge under cyclic accelerations 
chosen to simulate flight turns. 
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The General Properties of Matter 

Fourth edition. By F. H. Newman and V. H. L. Searle. 

Pp. 431-fxi, Figs. 103. Longmans Green and Company, 

New York, and Edward Arnold & Company, London, 

1948. Price $5.25. 

This textbook, originally published in 1929 and now in its 
fourth edition, is clearly intended for students of physics, 
chemistry, and engineering with special emphasis on the first- 
named group. It is written with the special aim, however, of 
including material of interest and application to all three 
groups which shall be so thoroughly correlated as to emphasize 
the essential unity of the entire body of information. Readers 
from each group are thus encouraged to study more closely 
the related subjects in fields adjacent to their own. The 
broadening effect on students in these days of extreme speciali¬ 
zation should be most beneficial and welcome. 

The title is so inclusive that almost any material whatever in 
physics, chemistry, or engineering could be covered by it. The 
preface gives no clue to the choice of material, but a careful 
examination shows that the authors have restricted themselves 
almost exclusively to topics which can be roughly designated 
as classical or nineteenth century physics. Only slightly more 
than two pages are devoted to the statement of a few con¬ 
sequences of the restricted theory of relativity (at the end of 
Chapter III which bears the title Gravitation). The huge body 
of experimental and theoretical information which has grown 
up almost entirely in the present century and which, in this 
country, usually goes by the name of physics of the solid state 
(cf. Frederick ^itz, Modern Theory of Solids, for example) is 
almost completely ignored. Nothing whatever that could be 
termed either atomic or nuclear physics is included in the 
book. Nothing is said of the Uncertainty Principle. The funda¬ 
mental particles of matter arc not discussed. Electricity and 
magnetism, light (optics, spectroscopy, etc.) per se, even in 
the classical aspects of these subjects are omitted. Since, how¬ 
ever, this reviewer knows of no traditional limits for a lK)ok or 
a course bearing the title General Properties of Matter, the 
above statements are intended as information to the prospec¬ 
tive purchaser rather than as strictures. It is quite possible 
that this text is specifically designed to cover material tradi¬ 
tionally offered in certain courses in this country or in England 
of which this reviewer is ignorant. 

'Fhe material covered by the text might be roughly outlined 
as follows: Chapters I to IV inclusive: Elementary mechanics 
of particles and rigid bodies, gravitation and gravitational 
potential, gyroscopic problems. Chapter V: Theory and ap¬ 
plications of elasticity. Chapter VI: Surface tension. Chapter 
VII: Viscosity. Chapter VIII: Kinetic theory. Chapter IX: 
Fourier series. Chapter X: Osmosis, diffusion, and Brownian 
motion. Chapter XI: Production and measurement of low 
pressures. Chapter XII: Elementao^ dynamical problems 
(such as simple and damped harmonic motion, motion under 
inverse square law of attraction, motion of projectile in viscous 
medium). Chapter XIII: Equations of fluid motion. Chapter 
XIV; Equations of wave motion. Chapter XV: Units and 
dimensions. Some of the chapters bear rather curious titles. 
Chapter Xll for instance, is called simply “Dynamical Basis— 
Including Vibrations" and Chapter XI11 on fluid dynamics is 
called simply “Equations of Motion," 

The text is written on an elementary or intermediate level 
80 that it can be used by any student who has mastered ele- 
men^ry calculus. It would suitable for majors in physics 
in their junior or senior years. Although it contains a great 
deal on the subject of dynamics, the treatment is entirely on 
an elementary level—the methods of advanced dynamics, 


generalized coordinates, LaGrange’s and Hami/ton^s equa¬ 
tions etc,, are not touched upon. 

Within the above roughly outlined framework of its content, 
the book is excellently constructed. 11 is exceptionally thorough 
in its treatment. The exposition is lucid and leaves little for 
the reader to supply from other sources. It is outstandingly 
well furnished with footnote references to the original papers 
(extending as far back as the beginning of the nineteenth 
century and as far forward as the present day), a rare Virtue 
indeed in texts at this level. The problems at the end of each 
chapter are well selected and interesting. The answer to each 
problem is given. Each topic is brought up to date with com¬ 
mendable thoroughness. Thus, for example, in the discussion 
of the numerical value of the universal constant of gravitation, 
the latest (1942) results of Heyle are given, and in the dis¬ 
cussion of the determinations of Avogadro’s number, Birge'a 
1941 results are cited. 

The enormous impetus that the "new physics" has received 
from the tremendous discoveries of twentieth century research 
has drawn the attention of physicists away from many of the 
solid and useful achievements of the earlier “classical" period. 
This book serves a ver>' useful purpose, therefore, in recalling 
in compact form thi* earlier store of fundamental information 
which the beginning student, bewildennl with the glamour 
of betatron.H, cosmic rays, and chain reactors might otherwise 
overlook or ignore. This reviewer prizes it as a valuable ad¬ 
dition to his library. 

Jesse W. M. DuMond 
California Institute of Technology 

Physico Chemical Experiments 

By Robert Livingston. Pp. 267, Figs. 72, Macmillan 
Company, New York, 1948. Price $3..10. 

This is the second edition of the well-known lalxirator.v' 
manual prepared as a companion book to F, H. MacDougall's 
text, Physical Chemistry. There have been very few changes: 
One experiment has been dropped and two added; the text 
has been revised in some places. 

Forty-two experiments are discussed. J'hese are designed to 
give the student laboratory experience in the fields which are 
usually included in the elementary physical chemistry course 
and should be useful in connection with any textbook or 
course of lectures on the subject. The specific subjects covered 
are: Measurements, errors, and computations; the gaseous 
state; the liquid state; the solid state; the structure of atoms; 
physical properties and molecular constitution; solutions; 
thermochemistry; equilibrium; heterogeneous equilibrium; 
chemical kinetics; electrical conductance; equilibria involving 
ions; electromotive force; electrolysis and polarization; photo¬ 
chemistry; and the colloidal state. 

Discussions of the theory related to the individual experi¬ 
ments are not given in the manual except in a few cases. This 
seems highly desirable since there is not space for a thorough 
exposition, and reference to a standard theoretical text is 
certainly preferable to the inclusion of a sketchy account 
which the student may accept in preference to looking for a 
more adequate one elsewhere. 

Each experimental discussion includes a preliminary brief 
outline of the experiment and techniques; a list of apparatus 
and materials required; a description of procedure that is 
sufficiently detailed to permit the student to proceed without 
too much assistance from the laboratory instructor; and a list 
of computations to be made on the basis of the data obtained 
in the laboratory. In addition, there are a number of special 
sections on the use of various pieces of apparatus such as the 
birometer, the Lind electtxMCope, the differential thermometer, 
the polarimeter. the Westphal t^tance, the Abbe refractom- 
eter, etc. 

Especially praiseworthy is the introductory section on 
“Measurements, Errors, and Computations,*' to whtth $2 of 
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the 255 pages of the text are devoted. The exposition of the 
theory in this section is admirable because of its completeness, 
suitability for its purpose, and the abundance of illustrative 
examples. In this section the subjects, physical laws and 
measurements, dimensions, significant figures, exponential 
notation, distribution of errors, best values, application of 
error theory to experimental data, evaluation of constants of 
empirical equations, and graphical methods of computation 
are discussed. 

Notable omissions from the manual are experiments con¬ 
cerning the heat capiiciiies or thermal conductivities of gases; 
the diffraction of x-rays by solids; the dielectric properties of 
chemical substances; the magnetic properties of chemical 
substances; and the distribution of solutes Ijetween solvents. 
It would seem that such experiments would be quite valuable 
accompaniments of the usual course of lectures in elementary 
physical chemistry. 

The experiments are quite generally designed to require 
relatively simple equipment which is, in general, desirable 
at this level. However, there are no experiments included 
which give the student familiarity with high vacuum tech¬ 
niques, use of electronic equipment, use of modem recording 
meters of various types, etc. 

The printing and binding are excellent, 

Clydk a. Hutchison, Jr. 
University of Chicago 


Velocity-Modulated Thennionic Tubes 

By A. H. W. Beck. Pp. 180, Cambridge University 

Press, The Macmillan Compiiny, New York, 1948. Price 

$3.75. 

This volume of the series on Modern Radio Technique edited 
by J, A. RatcHffe is intended to acquaint the reader, who is 
familiar with prewar radio technique, with the principles of 
operation of velocity-modulation tubes and their limitations. 
The author’s intention was not to write a formal textbook with 
full documentation but rather a personal account of a division 
of research which is still progressing rapidly. He has attempted 
to build up the theory from simple postulates by successive 
refinements so that physical facts dominate mathematical con¬ 
siderations, and has stuck mainly to the theoretical side, only 
occasionally remarking that the results are (or are not!) in 
satisfactory agreement with experiment. Mr. Beck was a 
Senior Scientific Officer in the Admiralty Signal Establishment 
at Bristol and was personally responsible for much of the re¬ 
search reported. Naturally most of his applications arc drawn 
from British practice, but the liaison between British and 
American laboratories during the war was sufficiently good 
that all our contributions of importance are covered. The book 
abounds in references to the European literature and esfiecially 
the work of Warnecke in France. 

Following a brief hiBtoric,al introduction, the first chapter 
deals with the elementary principles of velocity-modulation 
tubes and describes the principal types. Next is a chapter 
giving the essential minimum of information on cavity re¬ 
sonators, including some discussion of relaxation methods for 
approximating the resonant frequencies. The major part of 
the work is Chapter 3 in which the theory of velocity modula¬ 
tion is developed. Following a chapter on focusing of high 
current electron beams, which is most important for an under¬ 
standing of the limitations of velocity-modulation tubes, the 
various types of v.-m. tubes of practical importance are 
treated in four chapters. 

Chapter 5 covers amplifiers and frequency multipliers in¬ 
cluding some discussion of multiresonator (cascade) amplifiers. 
The klystron oscillators are considered next, including a brief 
treatment of die Heil and Samuel tubes. Reflex klystrons are 
amtrtA in Chapter 7, and miscellaneous types in Chapter 8, 


Here we find discussion of the v.-m. mixer, the monotron, 
v.-m. reactance tubes, and the multireflection tube. 

'Hie next chapter deals (all too briefly, I fear) with the 
limitations and defects of v.-m. tubes, considering maximum 
frequencies at which klystrons will operate, hysteresis, and 
problems of modulation. Chapter 10 ts devoted to design re¬ 
quirements and manufacturing techniques applicable to v.-m. 
tubes, and the book is completed with two appendices and a 
collection of tables useful in calculating v.-m. tube perform¬ 
ance, The first appendix gives an example of the application 
of the results obtained to the design of a moderately high 
powered C. W. klystron, and the second treats the traveling 
wave tube. 

The author is to be congratulated on a well-rounded and 
clear presentation of the basic principles of v.-m. tube opera¬ 
tion. Most ail topics of interest have been covered at least 
briefly, and this reviewer’s principal comment is that in spots 
the treatment could have b^n improved by a little expansion. 

I should like to have seen somewhat more comparison of the 
theoretical results with experiment and discussion of those 
cases where agreement is pKxir, hut this may be only a personal 
preference. As it stands the book is written mainly for tube 
designers, while incorporation of a little more material of value 
to the circuit designer would broaden its audience considerably. 
Specifically the treatment of hysteresis effects, and of noise 
output could have been expanded, and some mention of phase 
aberrations due to mechanical defects in the reflector (such as 
tilt) might have been worth while. Since the book is largely 
concerned with theory, the material on construction tech¬ 
niques in Chapter 10 seems a bit incongruous, but it should 
prove valuable to anyone contemplating the construction of 
experimental tubes. The author's optimism concerning the 
future importance of v.-m. tubes as microwave mixers may 
well be unwarranted in view of further studies of space charge 
suppression of shot noise. 

The typography is excellent and the proofreading was done 
with great care; therefore, it is a piece of really bad luck that 
Eep 43 of Chapter 2, said to give correct results for the Q of a 
cavity in all cases, lacks a factor 2ir. But these are minor points 
and the book can be recommended to engineers and physicists 
interested in microwaves or to students at the graduate level 
who wish a general account of the velocity-modulation field, 
J. B. H. Kuper 
Brookhaven National Laboratory 

Radioactive Tracers in Biology 

By Martin D, Kamen. Pp. 281, Figs. 38. Academic Press, 

Inc., New York, 1947, Price $5.80. 

. This book is an answer to the demand for collected informa¬ 
tion on the biological applications of radioactive tracers. Al¬ 
though many detailed chemical procedures and experimental 
techniques are given, this is far from a scientific cook book or a 
laboratory manual. Three chapters, constituting almost 19 
percent of the book are devoted to the fundamentals of nuclear 
structure, nuclear reactions, and the properties of nuclear 
radiations. A fourth chapter discusses the principles of instru¬ 
mentation and the corrections and statistics involved in 
making assays with radioactive isotopes. In this chapter the 
emphasis is placed primarily on G-M counters with relatively 
little space devoted to electrometers. These useful instruments 
should not be sold short. The Lindcmann electrometer, which 
has proved quite useful in the assay of C** is not even men¬ 
tioned. The average non-physicist is apt to be more familiar 
with G-M counters than with electrometers and, consequently, 
may need more information about them. 

About one-half of the book is devoted to the discussion of 
the uses of specific radioactive elements of biological im¬ 
portance. Ty{Mcal syntheses and methods of assay are given 
and illustrative examples and typical protocols help to steer 
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the biologfifits through the necessary mathematics. The value 
of the illuBtrative calculations would have been enhanced if 
they had been set apart from the text. 

For many readers the most-used part of the book will be 
the chapters devoted to the general aspects of tracer method¬ 
ology and their applications to specific problems and isotopes. 
One hesitates to disagree with the choice of material by an 
author with a well-established reputation in the field. How¬ 
ever, several rather important radioactive elements are not 
mentioned in the text. For example, there is no discussion of 
the tracing of lead, bismuth, and other elements of some in¬ 
terest, It is also regretted that a complete isotope table was 
not included. Isotope tables are available in several places but 
it is a convenience to have the data in the same volume with 
the text. 

The discussion of radiation hazards is very sketchy, taking 
up less than two pages and giving only scanty references to the 
literature. The readers of this book are precisely the ones who 
must understand the hazards of radiation and methods of 
protection against them. It is unfortunate that an opportunity 
for a thorough indoctrination was missed. 

Given identical material, no two authors would write 
identical books and the criticisms given should be considered 
as differences in viewpoint and interest. This book contains a 
wealth of information badly needed by many workers who 
are invading a new field of research, and will serve as a valuable 
reference book to those who are more familiar with the use of 
radioactive isotopes. 

. Howard L. Andrews 

National Institute of Health 


The Measurement of Stress and Strain in Solids 

By London Institute of Physics, Pp. 114-fxvi, Figs. 

33, Plates 8. London Institute of Physics, London, 1948. 

Price U.OO. 

There are twelve papers in this very readable and worth 
while survey of the subject of stress and strain measurements. 
The papers can be divided by subject matter into about three 
groups: First, there are a set of three papers on the wire- 
resistance strain gauge; second, there are a set of three papers 
on photoelasticity: and finally, there are two papers on the 
measurement of strain by x-rays. I'here are several papers 
which do not fall into this classification, notably one which 
deals mainly with mechanical and optical devices for meas¬ 
uring strains. 

The papers on wire strain gauges arc interesting and in¬ 
formative. In the first of these, E. Jones discusses *‘Some 
Physical Characteristics of the Wire-Resistance Strain 
Gauge.” Jones states that without special precautions strains 
can be measured with an accuracy of db2 percent. He then 
goes on to describe the various types of wire-resistance gauge. 
He discusses the proper selection of the three elements, i.e., 
the wire, the plastic in which the wir6 is imbedded, and the 
adhesive. The article gives details on the effects produced by 
high humidity, temperature changes, high gauge current, im¬ 
perfect sticking, and high frequency. Zero drift, fatigue, and 
the range of the instrument are discussed. The rather complete 
numerical bits of data given are very useful. Only a few ref¬ 
erences are quoted. In another article, F. Aughtie treats ”The 
Use of Resistance Strain Gauges in Combination—With 
Particular Reference to Component Loads.” In this article 
the problem of how n gauges, each having an indication which 
defends on n factors, shall be connected so that the resulting 
indication depends only on one of the n factors. A theoretical 
analysis of the problem is given. Applications to temperature 
compensation, to the measurement of tensile strain in a bar 
also undei^oing bending, and to more complicated situations 
are given. E, P, George discusses ”High Frequency Strain 


Gauges.” In this article the author points out that the chatige 
in the resistance of a strain gauge made, using ferromagne^ 
wire, is as much as forty times as great at a frequency of 20 
megacycles as it is if direct current is used. The change in 
resistance is not proportional to the strain over any appreci¬ 
able strain range. 

W. A. P. Fisher gives ”A Review of Some Recent Develop¬ 
ments in Photoelasticity.” This article is a review of the 
progress which has l)een made in this field in the past eight 
years. The newer more sensitive resins are described, as are the 
use of Polaroid and the changes which these improvements 
cause in the optical arrangement. Since as many as 12 fringes 
may pass a given point on the specimen during loading, mono¬ 
chromatic light must now be used. The accurate observation 
of boundary stresses is discussed. Three methods of investi¬ 
gating stresses in three-dimensional models are described. 
The “freezing” method which is most widely used depends 
upon the fact that glyptal and certain resins, if loaded at high 
temperature and cooled under load, will lose only a very small 
proportion of their strain and birefringence upon removal of 
the load. A plane slice is then cut out of the model and the 
“frozen” birefringence is examined. Pictures are given. In 
plane photoelaslici^y the separation of the principal stresses 
is discussed. Applications to special problems are mentioned. 
The references given seem quite complete. H. Me. G. Ross 
describes methods used in “The Photography of Photoelastic 
Stress Patterns.” 

C. E. Phillips gives “A Review of Some Strain Measuring 
Devices.” This article deals chiefly with optical and me¬ 
chanical devices. The problem’s accuracy and sensitivity are 
discussed in general, and then a number of instruments in 
current use are briefly described. In some cases the sensi¬ 
tivities are given. A rather complete set of references are 
given. 

D E. Thomas describes ”Tbe Mea.surement of Strain in 
Metals by X-Rays.” The author describes how, by making 
measurements on the Debye rings, a quantitative value for 
the strains in the surface of a metal specimen can be obtained. 
In industrial steels, the accuracy obtainable for the lattice 
constant is one part in 20,000. In some cases five limes this 
accuracy can be obtained. Practical details and examples from 
the author’s experience arc given. References to other work 
are incomplete. 

In general the summary given of the progress made during 
the war years in the application of physical methods to the 
measurement of stress and strain is a most valuable contri¬ 
bution to our literature. 

James S, Koehler 

Carnegie Institute of Technology 


Technique of Organic Chemistry VoL II 

By V, L Komarewsky and C, H. Riesz, W. A. Noyes, 
Jr. and V. Bobrhlheioe, and S. Swann, Jr. Pp. 229, 
Figs. 66, Tables 10. Interscience Publishers, Inc., New 
York, 1948. Price |5.00. 

Catalytic Reactions (V. I. Komarewsky and C. H. Riesz)— 
The chief contribution of this portion of the book is the mate« 
rial found in Part 111 on ^Laboratory Techniques in Catal¬ 
ysis.” This part includes discussions of batch and continuous 
flow systems at atmospheric pressure, low and high tempera¬ 
ture flow systems, batch and flow systems at reduc^ pressures, 
and* batch and flow systems at elevated pressures. Emphasis 
is placed on basic procedures and equipment used in carrying 
out catalytic reactions under the conditions noted above. The 
survey of equipment in genera! use is well presented and is 
accompanied by a large number of excellent illustrations. 
General availability of the various types of equipment is 
considered, and leading references to the literature on catal¬ 
ysis are included. Expsuiiion of the material on haifc pro- 
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ceduret used in catalytic reactions, as well as the inclusion 
of a larger number of specific examples of catalytic reactions, 
would increase the value of Part HI for the average reader. 

The section on “General Principles” (Part I )is too brief to 
be of any practical value. Its brevity may actually lead to 
erroneous conclusions on the part of the chemist who is not 
already well versed in the principles of catalysis. 

“Catalysts and Their Preparation” is also presented in too 
brief a manner in Part II. The methods for preparing, acti¬ 
vating, and storing of catalysis are so essential to the practice 
of catalysis that this stiction can scarcely l>e considered to 
be adequate. The brief and general nature of this section 
is further weakened by the lack of a sufficient number of 
examples. 

Phoiochefftical Reactions (W. A. Noyes, Jr., and V. Boekel- 
heide)—The authors of this article have done an excellent Job 
in condensing a large mass of material and have succeeded 
in giving an accurate and relatively broad picture of the 
techniques employed and results obtained in this field. The 
reader quickly becomes aware of the continuity of the presen¬ 
tation and of the orderly and logical manner in which he is led 
through the general principles to the practical applications. 
The usefulness as well as the limitations of photochemical 
reactions are considered. 

The study of phottxdiemical reactions is divided into two 
main parts: (1) the primary process or the immediate effect of 
light on the absorbing molecules; and (2) secondary reactions 
or reactions produced by the primary process. This section 
(Part II), which also includes a discussion of light absorption 
of monatomic gases, diatomic and polyatomic molecules, is 
clearly presented. The treatment of light sources, selection 
according to the nature of the reactants and the intensities 
needed (Part III), is quite adequate. 

The discussion of the “Concept of Quantum Yield,” al¬ 
though brief, is sufficient for the obvious purposes of Fkoto- 
chemical Reactions. This section also considers radiation 
standards and methods for the measurement of light intensity. 
Part V “Factors Influencing Design of Photochemical Ap¬ 
paratus,” includes effect of absorption coefficient and of type 
of absorption, flow and static systems, temperature regulation 
and effects of intensity, vessel dimensions and effects of im¬ 
purities. These two sections contain very useful information 
and the presentation is of the same high quality as noted for 
the previous sections. 

In Part VI a variety of photochemical reactions are dis¬ 
cussed. A sufficient number of types are included to give a 
good, general idea of photochemical applications to organic 
chemist^>^ 

Electrolytic Reactions (S. Swann, Jr.)—The section on 
“General Theory” (Part 11) includes definitions, mechanism 
of electrolysis, and calculation of the theoretical amount of 
current necessary for a given reaction. The discussion of the 
mechanism of electrolysis covers conductance, reactions at 
electrodes, polarization and overvoltage, depolarization and 
catalysis. Part II is quite brief, considering the number of 
topics covered. Most courses in undergraduate physical 
chemistry discuss this subject matter in greater detail. Pre¬ 
sumably the reader will have had such a course and so the 
brief resume of genera! theory may be sufficient. Other than 
that, the material is well chosen and presented. 

The discussion of “Apparatus and General Procedure” in¬ 
cludes general equipment, electrodes, electrolytes, diaphragms, 
and general procedures which are used in carrying out electro¬ 
lytic reactions. This section (Part III), although brief, is com¬ 
pact and contains much useful information. 

Parts V and VI consider “Reactions at the Cathode” and 
“Reactions at the Anode,” respectively. A large number of 
reduction reactions are included in Part V. A critical examina- 
tioa of Ac controlling factors in electrolytic reduction re¬ 
actions, such ascomppsition of the caAolyte, caAode material. 


current density, temperature, etc., is presented in Ais section. 
Part VI deals with reactions at the anode in a similar manner. 
In general, Ae subject material in Parts V and VI has been 
carefully selected and the general procedures have not been 
neglected. Electrolytic Reactions serves a useful purpose in 
pointing out the applications of electrolytic techniques to 
organic reactions. 

It is difficult to predict just how useful this book will prove 
to be. It will undoubtedly serve to stimulate interest in the 
three fields which are surveyed. Because of the brevity of Ae 
book, however, it can scarcely compete with more compre¬ 
hensive works. In general, the book is well written and is 
relatively free of Ae minor errors which are sometimes found 
in first editions. 

Allan R. Day 
University of Pennsylvania 


Cathode Ray Tube Displays 

Edited by Theodore Soller, Merle A. Starr, and 
George E. Valley, Jr. Pp. 746-i-xvii. McGraw-Hill 
Book Company, Inc., New York, 1948. Price $10.00. 

This is Vol. 22 of the now well-known M.I.T. Radiation 
Laboratory Series devoted to radar and allied techniques. 
Three editors and twenty-one au Aors have cooperated to sum¬ 
marize wiAin the confines of a single volume the information 
accumulated by the Radiation Laboratory, during the war, 
on cathode ray tubes and the associated circuitry required 
for the production of visual displays for radar applications. 
An idea of Ae extent of utility of cathode ray tubes for display 
and imasurement purposes may be had from the fact that 
nearly three million tubes were manufactured during the war. 

This book is extremely informative not only to persons in 
the field of radar, but also to those interested in oscilloscopes 
and their less familiar applications. Since some of the radar 
display techniques described are similar to those used in 
television, the television engineer will find in the book con¬ 
siderably helpful information, although Acre are only a few 
pages that deal directly with television. 

The title CRT Displays is somewhat misleading since the 
reader might expect the discussion to be limited to the dis¬ 
plays on Ae face of CRTs. Essentially, Ae book deals with 
caAode ray tubes and with Ae technique of radar display 
production. 

The general lack of references in Ae book not only detracts 
from its value, but may leave the reader with the impression 
that little work was done in Ae field prior to Ae war. Cer¬ 
tainly it must be admitted that television techniques developed 
prior to Ae war form the basis for the techniques used in pro¬ 
ducing radar displays. 

The more basic work on caAode ray tubes was done prior 
to Ae war at a relatively leisurely rate in this country and 
abroad. The task during the war was to adopt and extend this 
basic work to radar application as quickly as possible, The 
rapid progress demanded by Ae war necessarily placed greater 
emphasis on results Aan on understanding. 

The book consists of 18 chapters and 5 appendices. The 
introductory chapter gives a general survey of cathode-ray 
tubes, radar displays and signal discernibility, and resolution. 
This chapter should be of considerable value to the novice 
and a good refreAer to Aose who have already forgotten. 

Eight chapters (2, 3, 8, 9, 12, 16, 17, 18), for some reason 
scattered throughout the book, deal with the cathode ray tube 
and its accessories. The chapter entitled “Cathode Ray Tubes” 
gives some Aeory of electron guns and condenses a great deal 
of functional information on cathode ray tubes used during 
Ae war. Many users of electrostatically deflected cathode ray 
tubes will find very useful Ae section which deals with the ad¬ 
justment of Ae mean potential of Ae deflection plates in order 
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to obtain optimum spot size. It might have been well to point 
out more clearly why magnetically deflected tubes are the 
logical choice for intensity modulation and electrostatically 
deflected tubes for deflection modulation. A chapter devoted 
to spot size gives the most extensive discussion on spot size 
measurement at present available in published form. Four 
chapters are concerned with focus coils and magnets, de¬ 
flection coils, pattern distortion in magnetic cathode ray tubes, 
and special deflection coils and magnets for ofT-centering. The 
chapter dealing with mechanical and optical devices describes 
such practically important accessories as shields, optica! filters, 
optical superposition devices, video mapping, direct projection 
by means of reflective optical systems, and photographic pro¬ 
jection. The longest chapter in the book (97 pages) is con¬ 
cerned with luminescent and dark-trace screens for cathode 
ray tubes. Unlike the rest of the book, luminescent screens are 
not treated from the functional point of view. The treatment 
of dark-trace screens is quite detailed and is the most complete 
available in published form. 

The remaining chapters cover circuit techniques, displays, 
and technique of display production. One chapter describes 
in considerable detail a number of deflection-modulated dis¬ 
plays including the J-scope generally recommended for the 
accurate measurements of time intervals, and a high speed 
oscilloscope. Four chapters deal with general circuit techniques 
including high voltage power supplies, the fundamental 
problems and means of transmitting position data, electronic 
ntarkers and indices, and driving circuits for deflection yokes. 
Four more chapters describe in considerable detail particular 
methods for obtaining rectangular-coordinate displays, radial- 
time-base displays, sector displays, and range-height displays. 

Last but not least, five appendices supply data on construc¬ 
tion of focusing coils and magnets, construction and character¬ 
istics of deflection coils, impregnation of deflection and focus 
coil, characteristics of 40 types of cathode ray tubes including 
some of the presently us^ television tubes, and character¬ 
istics and circuit diagrams of eight video amplifiers. 

Although, because of the magnitude of the task, the treat¬ 
ment of many topics is necessarily superficial and the arrange¬ 
ment of the material not the best, the editors and authors are 
to be congratulated for so ably presenting so much useful 
information within the covers of one volume. 

Cathode Ray Tube Displays will undoubtedly serve as a 
fitting memorial to the hundreds of scientific workers and 
engineers whose work this book describes. 

V. K. Zworykin 
RCA Labor ivories 


Radio at Ultra*High FrequencieSf Vol. II, 1940- 
1947 

Edited by RCA Review. Pp, 485, Figs. 260, Summaries 
22, Appendices 2. Radio Corporation of America, Prince¬ 
ton, New Jersey, 1948. 

Reviewing Radio at Ultra-High Frequencies, 1940-1947 
may be likened to reviewing an issue of the Proceedings of the 
I.R.E. Subjects of the various papers here reprinted include 
antennas, transmission lines, propagation, reception and re¬ 
ceivers, microwaves (a not-elsewhere-clasaified category), 
measurements, radio relay systems, and aids to navigation. 
The unifying lies are that the papers are all from RCA sources 
(g^raphically from Rocky Point, New York, Harrison, 
Princeton, and Camden laboratories), and the title, which 
serves to distinguish this collection from other RCA volumes 
on television, facsimile, etc. 

The book tends to show (presumably its purpose) that RCA 
has had an active research interest in problems in many aspects 
of the field specified by the title. That the reprinted papers 
happen to cover an interval in which there was great develop¬ 
ment in the field occasionally yields a touch of antiquity to 


the reading—1940 is a long time ago in ultra-high frequency 
work—but on the whole the group is relatively up-to-date 
and many of the papers are excellent. 

Brown and Woodward in the leading paper, on the measure¬ 
ments of impedance characteristics of cylindrical antennas, 
fail to confirm a conclusion of Brillouin, and point to the need 
of more experimental work in an area in which there has been 
theory. lams describes a phase-front plotter of considerable 
interest. The development of some antennas for producing 
circularly polarized waves (for ground-to-airp!ane communica¬ 
tion) is described, as well as some work on slot antennas. 
Noise studies and a discussion of receiver sensitivity and 
signal-to-noise ratio in u-h-f receivers follow. 

A 110-page group of articles “Aspects of Reception at 
^ Ultra-High Fref]uency“ is an excerpt from lecture notes for 
a u-h-f course of the 1941-42 variety. Judged by the material, 
however, the course must have been a good one and possibly 
superior to the standard course of the time. 

Radio relay systems are now in operation and in certain 
fields—telegraphy, for example—are supplanting previous 
methods of transmission. An interesting incidental from one 
of the papers on such systems points out that RCA had one in 
operation in 1923 (aA 182 kc/sec.). 

The aids to navigation section gives only summaries of 
papers, including some on shoran and teleran. Topics of 
other papers in the hook range from the high frequency spec¬ 
trum of ignition noise to the absorption of microwaves by 
gases. A bibliography of about 300 RCA papers in or touching 
on the u-h-f field is given. 

All the papers in the book including those given only in 
summary form and the excerpts from the u-h-f course have 
appeared in print previously. 

J. G. Brainerd 
University of Pennsylvania 


Principles of Mathematical Physics 

Second edition. By Wiluam V. Houston. Pp. 363-hxii, 
Figs. 43. McGraw-Hill Book Company, Inc., New York, 
1948. Price $5.00. 

This is the second edition of an excellent and deservedly 
popular text intended as an intermediate course for juniors, 
seniors, and first-year graduate students in those branches of 
physics requiring mathematical analysis. There is little new 
material in the second edition, but rather the emphasis has 
been on increasing the clarity of the explanation by rewriting 
the difficult passages with more drawings and illustrative 
examples. 

The student is expected to have had a course in elementary 
physics, analytic geometry, and calculus. Without having to 
wait until the student has also had differential equations, 
vector analysis, and the calculus of variations these subjects 
are supplied in sufficient detail for the analysts of physical 
phenomena. The treatment does not take the place of a 
thorough sequence in mathematics, but enables the student 
to get on with the physics without having to wait until 
graduate school before being able to tackle some of the more 
theoretical aspects. 

The physics treated is mechanics, thermodynamics and 
statistical mechanics, and electricity and magnetism: the 
usual intermediate sequence with the exception of optics, 
The book hits the high spots of the courses in these subjects 
not shrinking in doing so from a point of view sufficiently 
sophisticated to enable the student to cope with the more 
advanced courses. There is no quantum mechanics, but the 
classical analyius and methods included will aid the student 
in quantum mechanics. No use is made of the Laplace trans¬ 
form or of the analogy between mechanical vibrations and 
electrical circuits, me^ods which seem to be gaining favor in 
some quarters to^y. 
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The treatment admittedly leaves some scope for the ability 
of the instructor which tends to give it a categorical flavor. 
The problems are an integral part of the development of the 
theory. Equations are derived in some problems and applica¬ 
tions illustrated in others. This has the advantage that the 
student gets a grasp of the subject as he must work it out for 
himself. Even if he cannot work all the problems he will 
at least be able to understand the development when it is 
explained to him. In a few places, on the other hand, as for 
example in the discussion of moving axes, the principle of 
leaving it to the instructor to explain could be relaxed just 
a little with considerable gain in clarity for the student. The 
physical signihcance of what is happening is kept continually 
in mind, and physical arguments arc employed as in the case 
where the smallness of forced oscillation of the frequency is high 
enough. The author has a happy facility for anticipating just 
what is going to bother the student and answering his question 
in the next phrast;. He states cleiirly what he is going to do, 
whaf he is not going to do, and what the assumptions are. If 
something is left out it is stated or put in a problem and the 
student is not left to wonder whether he should be able to 
prove it or not. 

The m.k.s. units are used throughout, but the Gaussian 
system is also explained and conversion tables given. This is 
in line with the growing popularity of these units. It might 
help to overcome the objections of some of the most violent 
opponents of m.k.s. units if peculiar properties were not as¬ 
signed to empty space. A constant of proix)rtionality in a 
physical equation which depends only on the units used 
should be treated merely as such and not as a characteristic 
of space. This otUburst is prompted by the author’s care in 
pointing out that the ’’apparent role of x^as the 'permittivity 
of a vacuum* is not mken as suggesting the possibility of 
polarization in a vacuum.” Let us lay the ghost of kq as a 
property of space in the first place. 

Electricity and magnetism are treated following Maxwell 
with just a paragraph on Lorentz in conclusion. These chapters 
have clearly l)een written from the experience gained V)y 
watching students flounder around in the electromagnetic 
field. The author has a knack of foreseeing the block on which 
the student is about to stumble and of pushing it out of his 
path. This well written intermediate text ends with some 
properties of the Lorentz transfonnalion and the equivalence 
of mass and energy. 

C. W. Ufford 

University of Pennsylvania 


Blectrical Measurements in Theory and Application 

Fourth Edition. By Arthur Whitmore Smith. Pp. 371, 
4-xix. Figs. 250. McGraw-Hill Book Company, Inc., New 
York, 1948. Price $4.25. 

This is the fourth edition of Professor Smith’s book on 
electrical measurements. The previous editions appeared in 
1914, 1924, and 1934 (Rev. Sci. Inst. 5, 381 (1934)). This 
book may be used as both a text and a laboratory guide. The 
explanations of experiments are not set apart from the other 
material, but are indicated in the Table of Contents by a star. 

The author writes, as he states in the Preface, for “students 
who have had one year of college physics and desire further 
khowlcdgc of electrical and magnetic matters." However, 
little previous knowledge is presumed, and the elementary 
ideas of electron flow and the fundamentel defim’tions of 
mechanical and electrical units are given in the Introduction. 
The first chapter contains simple experiments for the in¬ 
struction of “students with little laboratory experience.” 
“Those with college laboratory training can pass on to the 
advanced subjects and more complicated methods.” “The 
simple and more fundamental ideas are treated in the first 
and in the first part of each chapter, more difficult 


measurements and methods requiring more extended knowl¬ 
edge are reserved until the student has attained greater 
proficiency.” 

This is a book on electrical measurements and its scope is 
well outlined in the Table of Contents. The first eight chapters i - 
deal with the study and use of the ammeter, voltmeter, 
ballistic and current galvanometers, Wheatstone bridge, poten¬ 
tiometer, and the fundamental measurements of current and 
power. Electron tubes are introduced in Chapter Nine and a 
few important electronic instruments are pictured later. The 
magnetic circuit, measurements of magnetic flux and mag¬ 
netomotive force, and magnetic tests of iron and steel are 
given in three chapters. Simple a.c. circuits are clearly treated 
in terms of vector diagrams and the fundamental differential 
equations. Measurements of capacitance and inductance 
particularly by bridge methods are treated quite extensively. 
The text concludes with a brief chapter on the calibration of 
alternating current instruments. 

The book is illustrated with clear diagrams and useful 
pictures of modern apparatus. The meter-kilogram-second 
system has been employed throughout. A few examples and 
problems, some with answers, are given, mainly for d.c. and 
a.c. circuits. Calculus is used, but with each step clearly indi¬ 
cated so that it may be easily followed by a student not too 
familiar with such mathematics. 

This text is restricted to the field of electrical measurements, 
and, as the title indicates, the principle ideas presented are 
the theory and application of methods for measuring funda¬ 
mental quantities such as current and power, charge, resist¬ 
ance, voltage, inductance, capacitance, magnetic flux and 
intensity, magnetomotive force; and some of their complexities 
such as temperature variations, electron emission, and hys¬ 
teresis. The whole field of electricity and magnetism is not 
covered to the extent that might be needed by an under¬ 
graduate student of today in the physical or biological sciences. 
Perhaps no one text can awer such a broad field. 

There are a few short additions that might have l>een made, 
however, such as: the mention in the opening paragraph of 
neutrons in the atom, a brief explanation of diamagnetism, and 
a diagram of a cathode-ray tube. 

In the field for which it is intended, this book, with the 
material clearly and simply presented, should be a welcome 
help to the students for whom it was written. 

Margaret N. Lewis 
Boston University 

Vacuum Tube Amplifiers 

Edited by George E. Valley, Jr. and Henry Wall- 
man. Pp. 743-|-xvii, Figs. 391, 22^X15 cm. McGraw-Hill 
Book Company, Inc., New York, 1948. Price $10.00. 

Vacuum Tube Amplifiers is Vol. 18 in the Massachusetts 
Institute of Technology Radiation Laboratory Series and, 
like other volumes in the series, represents the combined efforts 
of a group of specialists to set down the knowledge, experi¬ 
mental and theoretical, which they found useful during the 
active days of the Radiation Laboratory. Although most of the 
material in the volume is of importance in radar, much of it 
will have a continued interest to physicists and engineers 
who have occasion to design electronic circuits. This is because 
the various authors have endeavored to emphasize principles 
of design and have assigned a secondary role to the discussion 
of specific radar circuits. 

It is evident that an effort was made by the editors and by 
the contributing authors to achieve a unified volume. Never¬ 
theless each chapter, or group of related chapters, bears the 
stamp of the individual authors, and for the most part forms 
a self-contained account of a particular aspect of amplifier 
design that <»n be read independently of the remainder of 
the book. This is perhaps an advantage in a volume that will 
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find ita greatest usefulness as a reference work. In view of the 
joint authorship and the variety of topics considered, it ap¬ 
pears advisable to mention each chapter in turn. 

Chapter 1, "Linear-Circuit Analysis and Transient Re¬ 
sponse," by Richard Q. Twiss (70 pages) is a concise, formal 
account of network analysis based on the Laplace transform. 
The chapter should appeal to the reader who has some prior 
knowledge of its contents and wishes to improve his under¬ 
standing of the modem method of computing the transient 
response of linear networks. 

Chapter 2, "High-Fidelity Pulse Amplifiers," by Robert M. 
Walker and Henry Wallman (42 pages) contains a valuable 
discussion of the theoretical aspects of the high-fidelity amplifi¬ 
cation of pulses, together with a number of practical circuits 
for use with pulses. The number of complete amplifiers is 
unfortunately limited. 

Chapter 3, "Pulse Amplifiers of Large Dynamic Range," by 
Harry J. Lipkin (53 pages) is concerned with a problem that 
is peculiar to radar in which a high gain, low pass amplifier is 
called on to amplify signals from a few microvolts to several 
volts without blocking for an appreciable time. One gathers 
that the chapter summarizes a development that required 
considerable time, effort, and ingenuity on the part of the 
group working on this problem. It appears unlikely that the 
design procedures described here will have a very general ap¬ 
plication in other branches of electronics. 

Chapter 4, "Synchronous and Staggered Single-Tuned High- 
Frequency Bandpass Amplifiers," by Henry Wallman (35 
pages) contains a clear mathematical analysis of these types of 
wide-band amplifiers, illustrated by several practical examples. 
Emphasis is placed on design considerations. I'hts is the first 
of four chapters devoted to wide-band bandpass amplifiers. 

Chapter 5, "Double-Tuned Circuits," by Richard Q. Twiss 
(31 pages) constitutes an extension of the usual theory of the 
double-tuned interstage coupling to the wide-band case. The 
treatment is mathematical and is illustrated by three examples. 

Chapter 6, "High-Frequency Feedback Amplifiers," by 
Harry J. Lipkin (42 pages) considers the improvement in the 
gain-hand width product and other properties of bandpass 
amplifiers incorporating inverse feedback. 

Chapter 7, "Bandpass Amplifiers: Pulse Response and 
General Considerations," by Henry ^ Wallman (37 pages) 
discusses the transient response of bandpass amplifiers to a 
carrier-frequency pulse, as well as problems arising in the large 
scale production of bandpass amplifiers. This, and the pre¬ 
ceding three chapters constitute an exhaustive account of the 
design of bandpass amplifiers for radar applications. 

Chapter 8, "Amplifier Measurement and Testing," by 
Yardley Beers and Eric Durand (32 pages) considers methods 
of measuring the frequency response and the transient response 
of low pass and bandpass amplifiers used in radar. 

Chapter 9, "Low-Frequency Amplifiers with Stabilized 
Gain," by Duncan MacRae, Jr. (51 pages) deals with the 
design of very stable amplifiers used in electronic computers. 
The material in this chapter is capable of rather wide applica¬ 
tion in the design of electronic circuits. It should appeal to a 
greater class of readers than the material in the preceding 
chapters devoted to bandpass amplifiers. 

Chapter 10, "Low-Frequency Feedback Amplifiers," by 
Harold Fleischer (25 pages) is concerned with the theory and 
design of low-frequency .selective amplifiers based on the use 
of a twin-T or bridged-T network in the feedback loop of the 
amplifier. The material here should be of considerable general 
interest. 

Chapter 11, "Direct-Coupled Amplifiers," by John W, 
Gray (87 pages) contains a wealth of practical data pertaining 
to the design of circuits for amplifying d.c. signals. This 
chapter should be extremely useful to the circuit designer. 

Chapter 12, "Amplifier Sensitivity," by E, J. Schremp 
(108 pages) is essentially a monograph analyzing the origin 


and the properties of thermal and shot noise. The treatment 
is rigorous and requires considerable background in mathe¬ 
matics and physics on the part of the reader. T'he chapter 
constitutes a definite contribution to the theory of fluctuation 
noise. 

Chapter 13, "Minimal Noise Circuits," by Richard Q. Twiss 
and Yardley Beers (80 pages) is concern^ with the design 
of practical circuits for achieving the highest possible signal- 
to-noise ratio in the case of bandpass amplifiers used in de¬ 
tecting radar signals. The chapter contains considerable infor¬ 
mation that can be applied in the design of other types of 
amplifiers, e.g., the pulse amplifiers of nuclear physics. 

Chapter 14, "Measurement of Noise Figure," by Yardley 
Beers (26 pages) describes methods of measuring the perform- 
‘ance of amplifiers in detecting weak signals. The methods 
described are intended to be used with the types of amplifiers 
described in early chapters and in Chapter 13. 

W, C. Elmore 

Swarthmore College 

Electromechanical Transducers and Wave Filters 

By Warren P. Mason. Pp. 419-fxii, Figs. 147. 16X23J 

cm. D. Van Nostrand Company, Inc., New York, 1948. 

Price $6.(X). 

This is a second edition of a scholarly and thorough book on 
the theory of electrical networks and vibration of coupled 
acoustical, mechanical, and electrical systems employing 
electrical, mechanical, and acoustical analogies. The author 
is an outstanding authority in the field of network and vibra¬ 
tion theory and the l>ook follows, for the most part, the field 
in which he has made outstanding contribution.s. The new 
material in the second edition is an outgrowth of the work on 
filters and transducers made during the war. Eighty-six 
pages and twenty-seven figures have been added. All the new 
material is placed at the end of the book. For those who are 
not familiar with the first edition, a brief review will be given 
of this portion of the book. This will be followed by a review 
of the new material. 

The treatment throughout the book is almost self-sufficient. 
However, a considerable knowledge of network theory is 
required to obtain a working knowledge of the material in the 
text. The illustrations are adequate and well done. 

'Phe electrical network theory in this book shows how the 
characteristics of the ladder and T sections can be derived 
from the lattice. A table of filters useful in the design of acous¬ 
tical and mechanical systems is included. The application of 
network theory or analogies to the solution of mechanical and 
acoustical systems, together with both the direct and indirect 
analogies, is treated in considerable detail. Anotlier subject 
is the propagation of sound in systems with distributed con¬ 
stants such as pipes and horns. The theory of the vibration of 
plates and membranes and the use in telephone receivers and 
as elements in an acoustical filter is also treated in this section 
of the book. 

In the field of electromcschanical converting systems, the 
following transducers are considered; electrostatic, piezoelec¬ 
tric, magnetic, dynamic, and magnetostrictive types. A horn 
loudspeaker and a crystal-driven ultrasonic radiator arc used 
to illustrate the application of the theory. 

Another valuable chapter deals with electromechanical im¬ 
pedance elements in electrical filters. The consideration of 
mechanical elements for filters includes a very complete treat¬ 
ment of piezoelectric as well as magnetostriction systems. In 
this field, Mason has been the principle contributor in thje 
literature. 

The addition to the book in the new edition includes wave 
guides and wave guide filters. One very interesting subject 
and a new concept is the application of a gyroscope at an im* 
pedance element The propagation of sound in air- and liquid- 
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£lled ducU as well as the subject of ducts lined with absorbing 
materials is covered. In the field of underwater sound, con¬ 
sideration is given to the construction and design of directional 
underwater transducers and the description of a water tank 
vrith absorbing walls. Another new subject is torsional vibrat¬ 
ing crystals. Altogether, the revision contains an excellent 
addition to the first edition, which was a valuable and out¬ 
standing contribution. 

Harry F. Olson 

RCA Laboratories 

Practical Spectroscopy 

By Harrison, Lord, and Loofbourow. Fp. 605, illus¬ 
trated. Prcntice-Hall, Inc., New York. Price $6.65. 

The appearance of Practical Spectroscopy by Harrison, Lord, 
and Loofbourow is very opportune in view of the recent 
history of that branch of physics. The science of spectroscopy 
had a long slow growth in which the development of instru¬ 
ments and techniques far outdisUinced their use. The conse¬ 
quence was that the sudden outburst of activity on the part 
of the physicists which took place after the first World War 
was able to solve in principle in a few years' time most of the 
fundamental problems of the external structure of atoms and 
molecules. A great mass of detailed analysis remains to be done 
by the few remaining physicists interested in such problems. 
On the other hand, to the astrophysicist, spectroscopy has 
become his most powerful tool and he already feels the failure 
to complete the job. The chemists and biologists also are now 
large “users" of the spectroscope and of spectroscopic data 
in purely scientific fields; but probably the largest group of 
“users" is the great number of industrial scientists who find in 
spectroscopy one of their most p<werful analytical tools. These 
facts, coupled with the scarcity of competent trained spectros- 
copists in university la bora lories, make it increasingly nec¬ 
essary that books such as that under review should be written. 

Practical Spectroscopy is addressed to the “users” of spectros¬ 
copy whose chief concern is with the results that it will furnish 
to them. Consequently, it is not a compendium of present day 
knowledge of the art as was “Kayscr" in 1901 or “Baly," the 
English counterpart of Kayser. It is, rather, a well considered 
selective condensation of our present knowledge of techniques 
in all the branches of the subject. Very wisely, the authors 
have not hesitated to give their judgments on the choice of 
instruments instead of facing the inexperienced user with 
unweighted alternatives. 

As with all books, there are bound to be details with which 
any particular reviewer will disagree. Some points of this sort 
arc the following. In Chapter 4, where various mountings of 
the concave grating are discussed, there is no general formula 
for the dispersion given. In fact, on pxage 85 a serious error of 
statement occurs because such a formula was not used. The 
statement is that the dispersion of the fourth order of the red 
end of the spectrum by a 15,000-line per inch grating in a 3- 
meter Eagle mounting is 1.3A per mm, whereas it should l>e 
about 0.4A per mm. I missed also any reference to the very 
useful fact that Rowland ghosts are displaced from the parent 
line by a definite fraction of its wave-length, usually 1/1000 or 
1/750. The discussion of the concave grating in the Wads¬ 
worth mounting is, I think, insufficient, considering the use¬ 
fulness of that mounting for analytical work. It should be 
mentioned that the fociil curve, over its usable length, can 
scarcely be distinguished from a circle of radius r — R/2"!- 
3cos<), which is the actual radius of curvature at the normal. 
For some uses, it may also be important to know that due to 
the off-axis position of the mirror and grating, there is a slight 
astigmatism. 

I particularly appreciated the discussion in Chapter 6 on the 
Ulumination of the slit. It is a subject usually treated in a very 
cursory manner in spite of its essentia! importance. It is 
gkatumi that Chapters 12 and 13 on the measurement of 


intensities should be excellent since this is a field in which 
Professor Harrison is an expert. The recent work on the use of 
photoelectric cells for the measurement of intensities may have 
a considerable effect, but it seems fairly certain that photo¬ 
graphic techniques will hold their own for some time. The 
chapter on quantitative analysis, although it draws largely on 
previous chapters, seems to me too short. On the other hand, 
the chapters on the vacuum ultraviolet and on interferometry 
are correctly kept within small compass, since they are un¬ 
likely to l)e of interest to most present users of spectroscopy. 
It should, however, be noted that in Chapter 20 the authors 
have transformed Professor R. W. Wood into a superman who 
can observe the green line of mercury in the seventh order of 
a 15,000-line grating! 

At the present low ebb of spectroscopic training in the 
universities, those who need spectroscopic techniques for the 
solution of their problems will have to rely more and more 
on such books as this. Especially in the industrial laboratories 
will it he indispensable. 

A. G. Shenstone 

Princeton University 


Principles of Servomechanisms 

By Gordon S. Brown and Donald P. Campbell. Pages 
400, Illustrations 207, Tables 21. John Wiley and Sons, 
Inc., New York, 1948, Price $5.00. 

'Fhe development of the theory of servomechanisms has 
been rapid over the past ten years, in fact, so rapid that not 
until the publication of Principles of Servomechanisms has 
there appeared a correlated work suitable for use as a text¬ 
book in engineering schools. 

The book is confined to linear closed-loop servomechanisms, 
and attention is centered on their frequency response, the 
use of which has proved itself a powerful tool not only in the 
analysis but in the synthesis of servomechanisms. 

After an introduction to the elements of automatic control 
and the problems of synthesis, the differential equations of 
several simple systems are examined to provide the student 
with a “feel" of the subject. The transient response of an 
elementary positional servomechanism is worked out in detail 
along classical lines and criteria of good performance based 
on experience are stated. 

The theory of the Laplace transform is summarized in 
Chapter 3 to furnish a systematic means of solving differential 
equations and to lay the groundwork for the definition of the 
transfer function which is an important concept in synthesis 
when systems become at all complex. 

Chapter 4 introduces the student to the frequency response 
of servomechanisms and its correlation with transient response. 
Chapter 5 is a well prepai-ed discussion of equivalent circuits, 
transfer functions, and block diagrams. By means of several 
examples, it is shown how the transfer functions of devices 
like motors, electron tube amplifiers, and hydraulic trans¬ 
missions can be formulated. 

The bulk of frequency response theory is covered in Chap¬ 
ters 6 through 8. Several techniques of plotting frequency 
response data are given: Nyquist diagrams, inverse plane 
diagrams, log magnitude and angle versus frequency diagrams, 
and log magnitude versus angle diagrams. Each of these 
techniques is important for the light it sheds on the perform¬ 
ance of servomechanisms and for the familiarity it gives 
the student with presentations current in the literature. 

Chapters 9 and 10 are concerned, respectively, with systems 
subject to output as well as input disturbances and with ex¬ 
perimental procedures. The experimental procedure chosen 
is limited to servomechanisms with synchro data systems, 
and it seems that the value of the chapter could be measurably 
increased by presenting the matter of testing in a more general 
way. For instance, in closed-loop servomechanisms with 
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electrical data systems, the servomechanism can be left intact 
and a signal inserted in series with the controller input across 
a low impedance. This makes it possible to test servomecha¬ 
nisms such as those using bridges or potentiometers where the 
input cannot be rotated continuously at reduced amplitude 
to obtain the desired signal. The signal required for testing a 
so-called d.c. servomechanism is sinusoidal and that for a 
carrier frequency servo is a double-sideband suppressed carrier 
signal produced by sinusoidal modulation. Several ways of 
generating such signals suggest themselves. 

Especially valuable is the last chapter on approximating the 
transient response from the frequency response. The reviewer 
feels that the method of trape;£oidal approximation given is 
the simplest yet devised. Computations are facilitated by a 
four place table of sin x/x which appears in the chapter. 
However, the use of the contour integral to obtain the inverse 
Laplace transform in the proof of the method is somewhat 
confusing after having been introduced to partial fractions in 
Chapter vL It might have been better, though somewhat harder 
on the student, if the inverse transform had b^n performed by 
evaluating the contour integral to begin with. 

In general, the book is well organized and understandably 
written. Illustrations are freely used to amplify the text and 
the tabulations of equations and pertinent data are extremely 
helpful. The back of the book contains a complete bibliog¬ 
raphy to which references are made throughout the text and 
an adequate set of problems arranged by chapters. The book 
should be very helpful to engineers interested in servomecha¬ 
nisms and should hnd widespread acceptance among in¬ 
structors as a textbook. 

W, J. Brackmann 

Narden Laboratories Corporation 


Distillation and Rectification 

By Emil Kirschbaum. Translated by M. Wulfmghoff. 

Pp, 426, Figs, 236. Chemical Publishing Company. Inc., 

Brooklyn, 1948. Price $10.00. 

This is not the complete up-to-date book on distillation for 
which so many of us have been wailing. However, it does pre¬ 
sent a fairly good coverage of material in this field except for 
developments which have occurred during the past twelve or 
thirteen years. It is the translation of a book first published in 
German in 1940 and covers in a comprehensive manner only 
information up to about five years before that time. 

The treatment of the fundamental principles involved in 
distillation is thorough and good discussions, of the various 


types of partial pressure-composition, temperature-composi¬ 
tion, and equilibrium diagrams are included. These descrip¬ 
tions show the applications to miscible, immiscible, binary, 
multicomponent, and azeotropic systems. The effect of pres¬ 
sure is discussed at some length. Information regarding the 
design, construction and the various methods of operating 
distillation equipment is presented. A long section is devoted 
to the details of construction and behavior of bubble caps in 
operation. There are many useful illustrations interspersed 
with the text, the total number of figures being 236 within tlie 
426 pages. 

Methods for determining the size of column required for a 
given separation for both batch and continuous distillation 
are illustraterl with a few numerical examples. Where possible, 
graphical methods have been employed in preference to those 
which require involved calculations. Ample consideration is 
given to the use of the enthalpy-concentration diagram as 
applierl to binary mixtures. Other subjects considered include 
the use of sieve plates and packed columns, details of heat 
exchangers and control equipment, and the fundamentals of 
molecular distillation. 

Interesting features not included in previous books on the 
subject are: the presei>tation of empirical graphs for estima¬ 
ting the permissible vafK)r velocii>' in plate columns; photo¬ 
graphs showing fluid motion and distribution on bubble cap 
trays; tables of vapor-liqukJ equilibrium data and 8''X8^' 
graphs on loose sheets depicting these for 63 systems. The 
translator has included a rather inadequate review of progress 
made since the original publication. 'Phis takes the form of a 
series of short abstracts of some articles which have appeared 
in techniciil journals in this country from 1940 to 1946. 

The Ixxik is written more in the fashion of a dissertation or 
thesis rather than an American technical book as it contains 
no chapters but merely headings and sub-headings throughout. 
It will fx^ difficult for those in this country to read chiefly 
because of the use of symbols entirely different from those to 
which we are accustomed. In addition, the diagrams, graphs 
and illustrations are lettered in German but do have captions 
in English and translations l>eneath the figures. The index 
and bibliography are decidedly incomplete. 

This translation will prove interesting to those well versed 
in the art of distillation due to its different approach to many 
of the topics but it will not fill the need for those who wish to 
learn of recent developments. Libraries will find it useful as a 
reference for the subjects, such as bubble cap operation, which 
have been treated thoroughly. 

A. Ralph Thompson 

University of Pennsylvania 
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Laboratory and Shop Notes 


Electron Trajectories in a Gamma-Ray 
Spectrometer 

H. HuttwiTZ, Jr. 

KnoUs Atomic PoUfer Laboratory. General Electric Company* 
Schenectady. New York 
February 9, 1949 


I N designing a gamma-ray sjx‘ctrometer of the type recently 
described by Lawson,^ it is necessary to compute the 
trajectories of electrons emitted radially inward from a target 
near the edge of a cylindrically symmetrical magnetic field. 
The deflection, of the electrons when they have returned 
to the radius, ro, of the target is given by the formula 


where 


pro Hdr udr/f 

^ (1 — e * tt *)* (1 —. 

ru (r) w ^rHdr, c “ e/cp. 


0 ) 


Here p is the momentum of the electron, and r* is the radius 
at which is unity. For large p or a uniform field ip is given by 

ip^2 arctan [•/; '//df], (2) 


This formula is surprisingly accurate even when p is com¬ 
paratively small and the field is not uniform. For electrons 
of small energy, the numerical computation of v? can be 
done most conveniently by use of the following alternate form 
of Eq. (1): 


2 pi dy 

^ tJo tt-prH* 


(1-y)* 


(3) 


To integrate Eq. (3), u is first computed numerically as a 
function of r. Then u+rH can be obtained as a function of u, 
and hence of y. 

After the deflection, of an electron at ro has been com¬ 
puted by Eq. (2) or (3), the additional deflection Av? corre¬ 
sponding to the path from ro to a larger radius r, is given by 




udr/r 


udri 
Vro (! — «*; 




(4) 


* The Knolls Atomic Power Laboratory is operated by the General 
Electric Research Laboratory for the AEG. The work reported here wa* 
carried out under Contract No. W-31-109 Etig-S2. 
i James L. Lawson. Phys. Rev. 75, 433 (t949). 


A Timer for Short Intervals* 

R. STUART MaCKAY 

Department of Physics, I/fiiwT5i7y of Co/i/or«ta, Herkeley, California 
January 25, 1949 


about 0.002 second to several minutes. These short time 
intervals were accurately calibrated by counting with a 
scaling circuit the number of cycles pass^ by the relay from 
a 10-kilocycle oscillator. The oscillator used was the horizontal 
sweep circuit of a standard oscilloscope. A single RC differ- . 
endating circuit sharpened the pulses sufficiently to work a 
standard scaling circuit. The scaling circuit was also used to 
calibrate the oscillator frequency by counting the number of 
cycles produced in a five-minute interval. 

The relatively large plate currents drawn by relays of 
substantial enough design can most efficiently be handled by 
a small thyratron. Because of the short time intervals involved 
one cannot depend on an alternating plate voltage to deionize 
the tube and thus release the relay. Also, a relay to be used 
on the plate current pulses of an a.c. fed thyratron must be 
made extra slow in acting so that it will not chatter. P'or these 
reasons the thyratron in the present circuit is fed with filtered 
direct current. The thyratron is normally on and the current 
it passes holds the relay open. The relay is allowed to fall 
closed by breaking the plate current for a time less than the 
timing interval, but greater than the deionization time of the 
tube. This momentary current interruption is produced by a 
single pole double throw snap-switch arranged to complete 
the circuit in both of its positions. However, during the 
transit time of the moving member neither pole is connected 
for a suitable instant, thus allowing the grid to regain control. 
The relay, after it has fallen closed, completes the external 
circuit through one set of contacts, and starts the charging of 
condenser C (Fig. 1) through resistance R by means of the 
other set. After a time roughly equal to HC, the condenser 
will charge to a voltage high enough to ionize the gas in the 
neon bulb, whereupon the condenser starts to discharge 
through the bulb and the 15,000-ohm resistor. The positive 
pulse so produced is applied to the thyratron grid to reionize 
it and pull in the relay, thus again opening the external 
circuit. At the same time the other set of contacts shorts the 
condenser through the 10,000-ohm resistor, thereby dis¬ 
charging the condenser ready for another cycle. 

The relay used, because of ready availability, had a 300-ohm 
coil resistance. An extra 1000-ohm current-limiting resistor 
then had to be placed sfomewhere in the circuit, and it was 
used so as to act as part of a voltage divider to supply cut-off 
bias once the tube is extinguished. It is to be noticed that it 
is shown shunted by a one-microfarad condenser. Without 
this, though the timing interval was always correct, the tube 
wouldn’t deionize with every flip of the switch. This condenser 
then maintains the falling cath^e potential quite positive for 
the time required for deionization. The positions of relay coil 
and resistor could be interchanged if a higher resistance relay 
was to be used. 

In the present version of this circuit, C was a one-microfarad 
paper condenser in all cases, while R was made the variable 


I N a forthcoming study of the stoppage of centricular 
fibrillation by electrical impulses, it was desired to pass 
pulses of current of variable duration through a heart Because 
the currents involved would be one or more amperes, it was 
necessary either to use rather large thyratrons in some form 
of inverse parallel connection, or to construct a device acti¬ 
vating a fairly rugged relay. The latter was thought preferable 
from a standpoint of simplicity if a satisfactory unit could be 
designed. Interval times involving the gradual charging of a 
condenser through a resistor to some predetermined voltage 
are well known, but few have been specifically designed to 
act for times less than the period of the a.c. supply line 
frequency. In fact, most such timers have made use of the 
passage of the voltage into negative values to deionize a 
thyratron. The present circuit was built to cover the range of 
times from 0.01 second to 10 seconds, but with small changes 
in the circuit time constants it gave satisfactory results from 
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element. It is preferable in the low ran^ to use a linear wire 
wound potentiometer of say 100,000 ohms for R and a series 
of fixed resistors and a step switch in the hig^her ran^tea. For 
an increased ranjfe one should also allow C to vary. The 
shortest time interval was produced with an R of zerd ohms 
because then the charging current was limited only by the 
10,000-ohm resistor. This resistor was so placed that it not 
only determined the shortest time, but also, at the end of an 
interval, it discharged the condenser gradually rather than 
abruptly, as would be the case if the condenser were shorted 
directly by the contacts. There seems to be some evidence 
that this is advantageous to the condenser as well as to the 
relay contacts. 

The neon bulb, before installation, was placed in scries with 
a suitable resistor across the a.c. line for a week of aging in 
order to reduce any tendency towards a change in character¬ 
istics. Since the life of such a bulb depends on the time 
integral of the current passed, and since this bulb is only 
required to pass one small pulse for each liming cycle, it 
should provide long and stable operation. Variations in the 
characteristics of the thyratron, of course, do not matter 
since it is merely pulsed at the proper time by the neon bulb. 
If left unregulated, variations in the line voltage will still 
somewhat affect the interval by changing the condenser 
charging rate, but at least the firing point will not also be 
variable. Since the neon bulb breaks down at a time when 
the condenser is only about half-charged, the derivative of 
the charging curve is still high at the operating point, thus 
making for positive reproducible action. The size of the 
resistor delivering the pulse isn’t critical since, though it does 
control the neon bulb current, in any case the size of the 
pulse will be the difference in the neon bulb firing and operating 
potentials (the latter, though approximately constant, taken 
at the stated current). The*25-/iMf condenser was introduced 
to minimize the possibility of a positive plate transient ending 
the timing interval too soon (by raising the grid potential). 

We might now consider the main feature contributing to 
the high 8i)eed of response of this circuit. It is only after the 
relay has completely fallen closed that the external circuit is 
completed and the condenser starts to charge. Thus it does 
not matter how sluggish the relay is in dropping out, as only 
its pull-in time limits the speed of ofxjration. This latter lime 
can be rather small even for relays usually considered big 
and slow in action. Furthermore, it is reduced from its normal 
value by the large initial current surge from the one-microfarad 
condenser upon ionization of the thyratron. This discharge 
current is limited only by the relay impedance since the 
condenser is effectively placed across the relay coil and thyra¬ 
tron by the low Impedance of the power supply. If the relay 
impedance is small then these initial currents will be high 
and will cause a fast snap in action. The thyratron is quite 
capable of carrying momentary high current surges, and since 
it turns the relay on, there is no danger of welding the contacts 
of even a small switch. 

In conclusion, the application of this system to the activa¬ 
tion of various other mechanical elements might be mentioned. 
For example, at present it is being used in conjunction with a 
high speed magnetic shutter activated by a light integrating 
photo-cell on an automatic enlarger. It was found impossible 
to turn the light off quickly enough when the proper exposure 
was reached so a shutter had to be used. Its magnet is placed 
in a circuit similar to the magnet of the relay except that R 
is replaced by a multiplier photo-tube aimed at the^ light 
reflected from the emulsion. When the proper quantity of 
li^t has impinged on the paper the exposure is terminated 
by pulling the shutter closed. Here also opening time 
does not matter as any light passed during this phase fs 
monitored by the photo-cell and counted toward the total 
desimd. 


eheuit ws« developed »t the request of the HsfoM Brann Cardio- 
vasspisr Iwupite of Mo»nt Hospital in Ban 


A New Discharge Tube for fhe Hydrogen 
Atom Spectrum 

W. P. VAN Oort and A, C. S. van Heel 
JV. V. ds Baiaa/schs PetroUum MaatKhappiJ, Laboratorium, 
Amsterdam, Ut^nd 
January 6, 1949 

A DISCHARGE tube emitting strong Balmer lines Is of 
great importance for refractometry, The Balmer lines 
are very sharp and extend over the whole visible range of 
wave-lengths. The source of light which has been generally 
used until now is a Gcissler tube, which gives good Balmer 
lines, though of a very low intensity A Geissler tube consumes 
about 1 watt. This is inconveniently small especially when 
handling colored solutions. 

A new tube will be described which emits Balmer lines of 
high intensity and has a long lifetime. The power consumption 
is 400 watts and the lifetime reaches at least 500 hours. The 
tube is shown in Fig. 1. 

The material of the tube is Thuringer glass. The electrodes 
are of aluminum sheets of 2 mm thickness and are mounted 
in such a way that the discharge has to turn once through 
180® and once through 90® before reaching the capillary tube, 
in which we do not want metal particles. The avoidance of 
metal in the capillary tube is necessary to obtain a pure 
hydrogen atom spectrum. Aluminum has been chosen for the 
electrodes because of its very low sputtering caused by ion 
bombardment. 

As the ends containing the electrodes are placed sideways 
the radiation of the capillary tube in the longitudinal direction 
can be utilized (“end-on”). In this way a small but very strong 
source of light is obtained. The diameter of the capillary tube 
is 3 mm, its length 80 mm. 



Fig. I. 


The tube is filled with water vapor. During the discharge 
water is dissociated and hydrogen ions and atoms are obtained. 
As long as an ad^uate amount of oxygen is present no Hj 
molecules can exist and the H atom spectrum is emitted. 
However, the oxygen will be taken up by the A1 of the elec¬ 
trodes and H» molecules will appear in the tube. As a result 
the blue Hj molecule spectrum will be emitted. This spectrum 
is undesirable because of its many lines in the visual range of 
wave-lengths. 

In the new tube all Hj molecules which may be formed are 
removed by the following device. A tube filled with CuO rods 
is sealed to the discharge tube and is heated by a small electric 
oven to 270®C. At this temperature the Ha molecules reduce 
the CuO to Cu and H»0 is fornried. If no Ha molecules are 
present, nothing happens and the tube is in the right condition. 
The CuO rods are cylinders with a diameter of 0.5 mm and a 
length of 5 mm. 

A very strong solution of NaOH in H|0 ensures the right 
vapor tension of HaO in the tube. At room temperature the 
vapor pressure will be about I mm, 
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The diffusion of Ha to the CuO and the combustion to HaO 
take place at a rapid rate, thus enabling operations to go on 
continuously for hours on end. 

The total life of the tube is restricted by the amount of 
oxygen present in the CuO. With an amount of CuO of 10 
grams more than 500 working hours may be counted on. An 
increase of this amount of CuO immediately results in a longer 
lifetime. 

The tube is fed by means of a transformer on the mains. 
The power taken up is 400 watts at a terminal voltage of 
1360. The current amounts to 300 mamp. For a short period 
a current of 500 mamp. is allowable, in which case the energy 
taken up is 700 watts. 

The power consumption of the small electric oven is 35 
watts. 

A new type of gas discharge tube emitting Balmer lines of 
high intensity is described. The tube is useful in refractometric 
work. The power consumption of the tube amounts to 400 
watts. The tube can be used continuously for at least 500 
hours. 


Improving the Response Characteristic of 
Graphic Recorders 

P. G. SlTLZER AND A. II. WaYNICK 
Eifttricdl Engincrrirt/i Department, The Pennsylvania State CvAlene, 

State ('oliege, Pennsylvania 
January 25, 1949 

I T is frequently desirable to record fluctuating, variable 
voltages with a sensitive graphic recorder such as the 
Esterline-Angus Model AW. When continuous and long-term 
recordings are to be made, such as the recording of radio 
wave field strengths, it is further desirable to utilize a sensitive 
movement so that the power requirements for the meter 
amplifier will be small. 

Experience with a recording system utilizing an Esterline- 
Angus 0.001-ampere, full-scale recorder driven by a 6SN7 
amplifier has indicated that fluctuations of less than about 
five percent of the total deflection arc not recorded. The 
frictional forces between the pen and the paper prevent 
response to the small torque involved when the pen pressure 
is adequate for trouble-free, long-term recording. Conse¬ 
quently, the recording could only be accurate to within ten 
percent of full scale which is quite inadequate for the above 
and many other purposes. 

A solution of this problem which permits recording to within 
the accuracy of the meter movement alone was obtaine<i by 
means of the circuit shown in Fig. 1. The circuit is a conven- 



tional bridge romprieed of the jdate loads and plate resistances 
of Vi andjVi^andjltheJtwollO-K resistors in series with the 
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relevant portions of R\. It is unbalanced by an amount which 
is a function of the magnitude of the input signal, when the 
latter is applied, with consequent proportional meter deflec¬ 
tion. 

The unusual feature of the circuit is the injection of a 
60-cycIe voltage into the grid circuit of the “sleeper” tube, Vn 
The magnitude of this “jitter” voltage is controlle<l by the 
adjustment of R*. Since the recorder frequency response drops 
off very rapidly above a few cycles per second, the recorder 
cannot follow the “jitter” current fluctuations. However, the 
vibratory forces set up in the meter movement are found to 
greatly reduce the friction of the meter pen with the recording 
paper, with consequent improvement in the accuracy of the 
recording. 

A simple experiment, whose results appear in Fig. 2, 
illustrates the improvement that may be obtained by this 
method of operation. Referring to the figure it will be noted 
that the abscissa indicates the increment in d.c, signal current 
required to produce an increment in recording pen deflection. 
The ordinate is in r.m.s. a.c. “jitter” current through the 
recorder. It was found that "jitter” currents of less than one 
microampere had negligible effect on the recorder operation. 
As indicated on the figure, greater than 0.1 milliampere 
resulted in excessive vibration of the recorder pointer with 
conwquent broadening of the recorder trace. By utilizing an 
/*.c. of slightly less than O.l milliampere a.c., the increment 
in Jd.B.. required to produce an increment in the deflation 
was r^uced by a (actor of four in comparison with the value 
required for zero /».«,. It was determined that the magnitude 
of the initial deflection and the recording paper speed, for 
values less than about 6 inches per hour, had no significant 
effect on the above results. 

Three Esterline-Ar^us 0.001-ampere recorders have been 
in continuous operation for one year using the above tedinique 
with excellent results* 
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A Vacuum Tube Relay for Thermostat Control 

I. SUCHER AND H. S. ANKER* 

Department of Biochemistry, Columhia University, New York 32, New York 
January 25. 1949 

T he determination of the density of water by the ‘‘falling 
drop" method is simple and accurate and has proven 
valuable for the measurement of the abundances of the 
hydrogen and oxygen isotopes in experiments using the tracer 
technique.* The apparatus required for the application of the 
falling drop method has been described in detail.*** It includes 
a thermostat controlled to better than ±0.001 by a thyra- 
tron relay.* 

However, the high cost and limited life of the thyraIrons as 
well as the bias battery necessary prompted the development 
of a self-contained high vacuum tube relay. Such a relay has 
operated for several years without trouble in this laboratory, 
its circuit is given in Fig, 1. The relay operates in the 


« r H 8 



N: Neon lamp; NH 30 
F: Kan outlet; (2S«w motor) 
fi: Knlt> heater outlet; (500 w) 
S: Stirrer (Cenco No, 1S850) 
7’i; Stancor P'63U 
Tt: Staucor P-6U9 
Ri: 10.000 ohm«; carbon; i w 


Rv. 100,000 ohms; carbon; 2 w 
/ii: 5 megohms; carl>on; i w 
Hi: 20,000 ohms; carlxm; 1 w 
C: 0.1 Mf; paper; 400 v* 

Vx: 2 A3 

Vt: 6SQ7 

T.R.; Toluene regulator 


Note: Since all tubes arc operated by unrectified oltcrnating current, the 
se^condary voltages of 7'i and Tt must be connected in phase. This is 
achieved as follows: The filament windings of 7'i are connected permanently 
and Vt is inserted into Its socket. The high voltage winding of Ti is now 
connected in such a manner, tliat on shorting the terminals T.R, a large 
bias voltage appears across Rt. Then after insertion of the Via and of a 
200-w lamp into the outlet H, Ti U connected in such a way that on shorting 
tl» terminals T.R. the lamp extinguishes nearly completely. For safety 
the relay is ground to a water pipe. 


stirrer resulting in very rapid switching. Thus very smooth 
control of the thermostat is obtained. 

♦ Present address: Department of Biochemistry. University of Chicago, 
Chicago, Illinois. 

< Keston, Kittcnberg, and Schoenheimer, J. Biol. Chem. 122, 227 (1937). 

* D. Rlttenberg and 1. Sucher, Rev. ^i. Inst. 14, 51 (1^45). 


Accurate, Simple Recording Microphotometer 

I\ RoSENBLUM AND A. deBruttevillb, Jr. 

Signal Corps Engineering LaborcUories, Fort Monmouth, New Jersey 
January 25, 1949 

A MICROPHOTOMETER, suitable for the study of 
x-ray diffraction film, was designed in the Squier Signal 
Laboratory. This instrument may be of general interest since 
it is applicable for recording a wide range of film and glass 
plate photographs. The results of tests made with this micro- 
photometer proved to be satisfactory. The instrument was 
designed with only essential components in order to facilitate 
manufacture in the laboratory shop. It was also possible to 
use a simple optical system of low resolving power because of 
the large grain size of the film used in x-ray diffraction work 
in contrast to fine grain spectroscopic plate. Perrine has 
described a microphotometer using an optical system which 
is somewhat similar.* Brentano also describes a microphotom¬ 
eter for x-ray diffraction work.* Most laboratory niicrophotom- 
cters use photographic type recorders. However, to facilitate 
the rapid analysis of results, electrical type recording was 
chosen. A standard electronic recorder was found applicable 
for this purpose. 

Figure 1 shows a general picture of the inicrophotometer. 
A light beam emerges from the right and left of the large 
horizontal tube which contains the light source in the middle. 
The left beam passes into a compensating photo-cel If while 
the right beam after passing through the x-ray film enters an 
appropriate slit in front of the scanning photo-cell. The 
compensating and scanning photo-cell are in a Wheatstone 
Bridge circuit with the recorder across the bridge, registering 
the unbalance. 

A 6-8-volt light bulb wired as a light source for the pho¬ 
tometer is mounted on a rod which can slide in and out of an 
opening in the lube. A set screw locks the rod in the correct 
position on the optical axis. 'I'he optimum focusing adjustment 
for the scanning lens is by a rack and pinion. The lens for the 
compensating system can be adjusted and the amount of 
light altered by an iris diaphram. 

The film holder consists of two highly polished chromium 
bars which are held on the film carriage by four thumb 
screws. Several spring clips fit into holes on these bars which 


following manner: If the temperature increases, the contacts 
of the toluene regulator close so that zero bias is applied to 
This tube consequently passe.s current through thereby 
biasing the VTs negatively. The Fi's do not conduct in this 
condition. The impedance of the primary of Ti is therefore 
high so that very little current is drawn through the heating 
element (H). At the same time a blower (F) connected in 
parallel with the primary of Ti is energized blowing on the 
surface of the thermostat and cooling it by increasing the 
rate of evaporation of the water, On opening of the toluene 
regulator contacts, the actions of Vt and Vi aie reverstd, 
lowering the impe^nce of the primary of Tj which permits 
a large current to flow through the heater and cutting the fan 
off. In using this device it should be remembered that ip 
contrast to a mechanical relay liie heater is not completely 
shut off and that the wave form of the heater current is 
seriously distorted. A differential output of about 200 w is 
obtained for the beating element. In operation the toluene 
regulator is shaken mecbanicalty due to vibration of the 



Fig. 1. Mlerophotometer showing component parti a« Indicated. 
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h(^d the him securely in place* By spacing the bars apart, line” No. 1 E 5101 which is an electronic volt^ regulator 

a large range of film and glass plate photographs is ^slly circuit, was used to obtain c^stant input voltage for the 

accommodated An adjusting knob (Fig. 1) on the side of the entire electrical system. To minimiae the fluctuation of the 

film holder positions the film vertically. The small hand wheel light source, the two photo-cells are mounted in a bridge 

on the right is used for quick horizontal alignment. circuit as shown in Fig. 2. 

The movable film carriage track uses rollers which are of The lamp is operated through the voltage regulator circuit 

the ball bearing type fixed on the inner race to the film carriage using a "Variac” to change the lamp intensity, 
while the outer race is free to rotate on the heavy round Since the recorder has a low impedance transformer input 
chromium plated bar Extreme accuracy is possible using this and the photo-cells have a high output resistance, a cathode 

method of construction since there are so few moving parts. follower was used to match impedances. A 5692 tube was 

The drive for transporting the film carriage across the light used successfully for thi.s purpose. To overcome drift in the 

beam uses a lead screw mounted on the base which rotates in output, the plate of the 5692 was reduced to 45 volts and the 

a split nut enabling the film to move back and forth. A filament voltage was supplied by a 6-volt storage cell instead 

1-r.p.m. reversible motor with a simple lever-operated clutch of an a.c. transformer. 

drives the lead screw through two spur gears. It is possible The optimum fixed slit is selected for the type of film one 

to easily change film speeds by interchanging the spur gears desires to measure. The film is then adjusted on the carriage 

for scanning. A trial setting is made using the sensitivity 
adjustment (or cathode follower potentiometer, The 

starting point of the pen is then set by means of the biasing 
potentiometer (-^-7). It takes a few minutes to find the opti¬ 
mum sensitivity setting that will cover the chart. 

In order to obtain maximum integrated area from the 
chart curve, the greatest possible expansion ratio is used. A 
planimeter then can he used to measure the line areas and 
thus determine the integrated intensity with the minimum 
error. This expansion is accomplished by reducing the film 
carriage speed to the minimum of H inches per hour and 
increasing the chart speed to a maximum of 120 inches per 
hour, giving a 96:1 expansion. 

In order to insure stability, the background should always 
be checked to obtain a straight line output without scanning, 
i.e., for a fixed position of the film. 

This adjustment can be obtained by lowering the sensitivity 
of which there is more thap an adequate amount, and increas¬ 
ing the lamp voltage if need be. In order to check the stability, 
a Debye x-ray pattern was recorded by scanning the same 
portion of the film in opposite directions. The record obtained 
is shown in Fig. 5. The area of the peaks for die left and right 
traverses should be equal. However, the human element 
enters in selecting the background so the authors each meas¬ 
ured the areas for their own chosen background. Both ob- 



Fio. 3. Record obtained on a lO-Inch by electronic recorder (Brown No. |5IX12K-X^30K10 ranitt th$0 ll;V.) 
of a Debye x-ray dUlracikm pktitra of AfTOi poi^. 


between the clutch and the lead screw. 



Fig, 2. Wiring diagram of power supply for photo-cells and impedance 
matching cathode follower tor voltage recorder. 


ri -5114-0 
r2-150.KR 
r3-9l8 P.E. cell 
TA «5692 
Cl —4 ftf 
LX -20^ 


R\m2K 

X2-1M 

Jft3-2SX 

i?4-20Af 

.R5-IX 

R7-1/C 


‘ The main base is constructed of heavy steel plate bent and 
welded at the corners. It is reinforced by steel channels for 
rigidity. 

The electrical system as mentioned above should be so 
designed as to minimize the fluctuation of the light source 
and the power source. A Superior Electric Company “Stabi- 
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aervwi fotiod the area on each side of the reversing point to 
diiter by lee* than one percent, and the mean area for each 
obaerver differed by I percent which was due to the different 
background* chosen. 

The author* wi«h to thank Dr. R. Brill for his suggestions 
in the building and testing of the instrument; also Mr. F. 
Pricbe for assistance in the electrical circuit design. The 
authors wish especially to thank Mr. E. Linipier and Mr. F. 
F. Cruell of the Squier Signal Laboratory for their excellent 
craftsmanship in the construction, and without whose ability 
the photometer would not have been possible. 

»J. O. Pwrlne. J. Opt. Soc. Am. (1924). 

•J. C. M. BrenUtio, Rev. Sd. Inat. 16. 309-315 (1945). 


A Vacuum-Tube Current Integrator of 
Improved Design 

L. H. V. D. Twkkl 

Witenschappelijke Advieten, bouw Wttenschapp. Apparaten, 
Lijnbaansgrackt ZS4h., Amsterdam, NedLerlands 
February 1, 1949 

V ARIOUS types of current integrators have been used 
employing a gas-discharge tube and a condenser charged 
to the breakdown voltage of the glow tube. It is obvious that 
some disadvantage is inherent in these methods. The currents 
to be measured by these methods were limited at the low 
side to 20“*® ampere. Recently,* a method has been described 
lowering this limit, but many precautions have to be taken 
and special construction of the discharge tube is essential. 
Another drawback is the variation of the breakdown voltage 
of gas tubes. 

Using neither relay nor gas tube, the circuit diagram is 
given in Fig. 1 and is essentially a normal one-shot multi¬ 
vibrator, At the beginning of the cycle the control-grid 
voltage of tube FI is well below cut-off and increases steadily 
when the grid capacitance is charged through /^1 (which may 
be a photo-tube, an ionization chamber, or a high resistance) 
until tube FI reaches its cut-off. At this moment the triggering 
mechanism starts and pulls down the current-drawing cathode 
of F2; and as the current in FI is limited by the anode 
resistor J?2, the cathode falls to a potential of a few volts 
above ground, depending upon the type of FI being used. 
The grid current of FI dischafg:es the condenser Cl. The 
coupling circuit R3 C3 is chosen to have an time long 
enough to provide for this discharge. After this, the flip-flop 
returns to its zero condition and the cycle begins again. 
Since FI is used below cut-off during the greatest part of the 
cycle, the major part of the leakage is due to insulation faults 
in this tube. Grid current is drawn only at the end of the 
cycle; but as the anode current remains very small, the grid 
current will be small also. 

A tube particularly well suited to this application is the 
Philips type CF 50. This tube is to be recommended particu¬ 
larly because of its high insulation (10** ohms or better) and 
its high transconductance at low anode currents. This high 
transconductance is important to minimize the fluctuations 
in the voltage at which triggering action starts. Variations 
in this triggering voltage result from var’atlons of the contact 
potential of FI and of the bias at which F2 draws a current 
given in the first approximation by Vt*/Rk* 

If desired, the cathode potential can be given continuously 
by a meter connected t^the common cathode*. When Used 
^*taks a dosimeter the cathodes may be adjusted at approximately 
•wfc volt* using a variable resistor to give one roentgen per 
*1^. The apparatus behaves extremely well in a current 
fiom lOr^ to 10^^ ampere. 



Other types of trigger units may also be used but the author 
has only tried this one believing it to have certain advantages. 
The rest of the circuit is designed to lengthen the pulse with 
a minimum of parts. It consists of a multivibrator coupled to 
the suppressor of the EF 50 tube; but any conventional 
pulse-lengthener may be used, 

I wish to express my sincere thanks to Professor Dr. J. Clay 
of the Amsterdam Laboratory for Cosmic Radiation, for his 
hospitality, and to Dr. H. den Hartog and Mr. F. A. Muller 
who added so much to the development of this instrument. 

‘A. B. Pal. Rev. Sci. Inst. 19. 529 (1948). 


A Modification of the Gouy Modulator 

L. S. Darkkm 

Reseanh Laboratory, V nited States Steel Corporation of T>€laweare, 
Ktarny, Pirw Jersey 
February I, 1949 

G ouy,* in attempting to improve the automatic temper¬ 
ature control of an ordinary laboratory water thermo¬ 
stat, found he could decrease the cyclic temperature variation 
by a factor of twenty by substituting a mechanically driven 
oscillating contact for the normally stationary contact in his 
mercury in glass thermoregulator. Reid* describes a modifi¬ 
cation for furnace control involving the addition of an oscil¬ 
lating voltage to the thermocouple voltage. He obtained this 
oscillating voltage by passing a small current through a 
resistance consisting of a resistance wire immersed to a 
periodically varying depth in mercury. Reid reports a fifteen¬ 
fold increase in the sensitivity of the controller by means of 
this device. Several other modifications of the Gouy modulator 
have been reported, at least one of which is commercially 
available. 

This communication describes a small simple generator 
which may be used to produce the oscillating voltage in series 
with the thermocouple. It may also be used in conjunction 
with other types of elements which respond electrically to 
temi^rature variation. This generator is shown in Fig. 1, It 
consists of an Alnico magnet which is rotated by an electric 
motor about a fixed coil. The Alnico magnet is about 21 
inches in diameter; pole pieces of soft iron were 

added. The synchronous motor is geared down to rotate the 
magnet at one revolution per minute. The coil (20 ohms) is 
an old galvanometer coil of about one hundred turns on a 
rectangular form about F'Xl". The electromotive iovet 
produced was nearly sinusoidal with a maximum of 0.7 mv. 
To reduce this voltage to the optimum, a variable riiunt (50 
ohms) was initially used. This may be replaced by a 
shunt when the proper resistance is determined. A schematic 
diagram is shown tn Fig. 2. This modulator is now used in 
conjunction with a platinum-platinrhodium thermocouple and 
a commercial controller to control a tubular **Gldbar’* fumaoe 
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Fr<i. 1. Gouv modulator (modified). 


at tfemperaiures up to 1650®C. The cyclic temperature varia¬ 
tion (near 9(K)®C) was reduced from 8®C to O.S^C l>y the use 
of this modulator. An 8-ohm shunt which leads to the addition 
of d;0.1 mv (corresponding to ±9^0 to the thermocouple 
voltage was found satisfactory. The cyclic voltage may be 
varied over rather wide limits (perhaps a factor of two) 
without markedly affecting the sensitivity but should not be 
less than the initial sensitivity of the controller else the gain 
in sensitivity is markedly decreased. On the other hand too 
large a cyclic voltage leads to drift—i.c,, response to line 
voltage changes. 


I-T 



JUNCTIONS 


Frc, 2. Modulator circuit. 

The advantages of the above described modulator over 
others include: (1) Absence of any moving Contacts in the 
thermocouple circuit; (2) absence of any wired connection 
between thermocouple circuit and any other circuit (no leaks 
are likely); (3) true zero mean cyclic voltage; (4) failure of 
the modulator leads merely to absence of modulation and 
does not otherwise disrupt control; (5) no metal other than 
copper is used in the circuit. 

> M. Gouy, J. de Phya. 6, 479 (1897). 

• W. T. Reid. VVm/Mrra/jirc—-//j MeasHreme$tt and Control in Science and 
Industry (Reiuhold Publishing Company, New York, 1941). p, fill. 


A Flexible Vacuum Seal 

Otto Rbtzlofk 

Otparirntm of Physics, WashiniUm University, Si. l^uis, Missouri 
February 9. 1949 

T T is often neces^ry to move an object inside a vacuum 
A from outside. The Wilson seal is perhaps the best known 
of the devices which have been invented for this purpose. 


This note describes a device which enables one to rotate an 
object in a vacuum and also to displace it in any direction 
within wide limits. It consists essentially of a sphere htting in 
a spherical socket and made vacuum tight by an O-rtng 
(Fig. t). The center rod A slides along a diameter of the 
sphere and the junction is made vacuum tight by an O-ring. 
The sphere B, 1 inch in diameter, fits in a spherical socket 
which consists of two parts, C and Ci as shown. The sphere 
and spherical sockets are machined to within 0.001'' accuracy 
by means of two homemade tools of simple design. The 
vacuum is maintained by a suitable O-ring between the 
sphere and the spherical socket. The half of the spherical 
socket, Cl, next to the vacuum chamber can be attached to 
it in many ways, two of which are shown in the diagram. 
In the left half of Fig. 1 is shown a way of attaching Ci by 
means of a set of bolts (one of which is shown) and a suitable 
O-ring. In the right half of Fig. 1 is shown how it may be 
attached by soldering. 

The O-rings used in this seal can be purchased from the 
Linear, Inc., State Road and Levick, Philadelphia, Pennsyl¬ 
vania. If the proper O-rings are used and the grooves cut 



Fig. I. 

according to the instructions of the Linear company there is 
no difficulty at all tn securing vacuum tight joinu. With a 
vacuum of 10^^ mm or more inside the vacuum chamber, 
it is possible to rotate the sphere in any direction within 30® 
of the central position as well as to push the center rod in 
and out and also to rotate it, without impairing the vacuum. 

This work was supported partly by lie joint program of 
the Office of Naval Research and Atomic Energy Commission. 


A Device for Producing en Sutty IdenSfted Area 
on file Electron Microscope Specimen Screen* 

PiUNCis W. Bishop 

Dspartmtnt of Radiation BMogy, VniotnUy of Roohsstsr, School of ModUisso 
ond DosUiUs^yt Roch$si$r, Nma York 
November 22, 1948 

T here occasionally arises the need of exanunlng a 
specimen both in the electron microscope and tb*^ 
optical microscope^ It also may be de^rable to rehtsm * 
given specimen into the dectrmt mierosoope and friocate fi 
exact held. ^ 
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Fig. t. Note: * dinientciunB edjustabie according to size oi' bole desired In screen. 


A device which would mark the specimen screen in some 
way would be of great assistance in providing a reference 
point in the relocation process. Many times the marked area 
of the screen itself will contain a suitable portion of the object 
to be examined in the microscope. 

To achieve this end, a simple marking device was con¬ 
structed in the laboratory. It consists of a female brass block, 
counter-bored to hold a specimen screen and a male clement 
which holds a sewing needle of appropriate dimensions. The 
point of the needle may be adjusted for any degree of pene¬ 
tration into the specimen screen and is locked in place and 
centered by two opposing set screw.s (Fig. 1). When a wire 
mesh screen is used, the wires are forced slightly apart where 
the needle enters, resulting in a circular opening which is 
easily found and identified in either the optical or electron 
microscope (.4 in Fig. 2). 



Ktc. 2. 


Lektromesh screens have no loose wire to be displaced by 
the needlei but usually a portion of the mesh is broken and 
may take the appearance of the screen B in Fig. 2. In cither 
case, tJie hole Is sufficiently distinctive to be used as a land- 
mai^. 

As a rmxxh oi the punching by the needle, the screen may 
bul^ and should therefore be flattened against a plane 
sittliQe by means of a roller. 

In to facilitate the examination of the specimen in 
dlw dpdoat mkaroscope, a small brass specimen holder was 


constructed. It accommodates the usual specimen cap and 
specimen and pennits examination with up to a high dry 
objective. When it is desired to save a specimen for a con¬ 
siderable time before it is examined, or if it is to be re-examined 
at a later date, we employ a small, knurled brass plug which 
is inserted into the specimen cap and holds the specimen 
firmly. This ensemble is kept in a suitable bottle until needed. 
It also provides a practical way of shipping a given specimen 
to another laboratory. 

♦ TiiU paper is based on work performed under contract with the United 
States Atomic Energy CommisBion at the University of Rochester Atomic 
Energy Project, Rochester. New York. 


A Current Integrator 

U. T. GiTTiNCS. Jr. 

Uaivcrsily of Cali/orHia. Los Alamos Scitniijic Laboratory, 

Los Alamos, New Mexico 
January 25, 1949 

A CURRENT integrator has been developed to measure 
the number of positive ions in the ion beam of an 
electrostatic accelerator. The ions are collected in a Faraday 
cage with a secondary-electron barrier. 

A capacitor between the cage and ground will accumulate 
a positive charge which is the integral of the beam current 
and is proportional to the number of ions collected. An 
amplifier with its input across the capacitor is designed to 
operate a relay when the capacitor has accumulated a pre¬ 
determined amount of charge. The relay contacts short the 
capacitor which drops out the relay and restarts the cycle. 
The relay contacts also operate a mechanical counter which 
is calibrated in microcoulombs per count. 

There are, however, several factors to be taken into con¬ 
sideration before such a system will be adequate. The relay 
must operate at precisely the same value of coil current each 
time and it must operate fast. A very satisfactory relay is the 
Western Electric 275B, which is a sealed, mercury type. The 
capacitor must have low dielectric absorption. Polystyrene 
or Glassmike capacitors are suitable. The Faraday cage should 
not swing in potential with respect to ground, if it does 
leaio^e current will be more troublesome, the cage and cable 
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Fig. 1. 

w«ohni8 WW—wire wound 

K-ohmsXlO* W—watts 

—ohms XIO* 

capacity to ground will appear as an undeaired shunt capacity 
(appreciable when high accuracy is desired), and the electron 
barrier potential will vary. The amplifier across the capacitor 
must have very high input impedance and low output im¬ 
pedance. The relay inductance introduces into the relay 
circuit a voltage proportional to the rate of change of the 
relay coil current and hence to the rate of change of charge 
on the capacitor, which is proportional to the beam current. 
It can be shown that precise compensation for this voltage, 
irrespective of time-variations of beam current, can be 
achieved for any capacitor, C, and relay (inductance, X, 
resistance, RyU a particular value of resistance, r^L/{RC), 
is placed in series with the capacitor (Fig. 1). 

When the relay contacts short the capacitor, the discharge 
current is limited by a 100-ohm resistor. If the relay has 
double-pole contacts the other contacts may be us^ to 
operate a mechanical counter, if not, the voltage pulse across 
the lOO-ohm resistor can be used to trigger a thyratron which 
will operate the counter. 

It can be seen from Fig. I that the Faraday cage (the input 
grid) varies in potential only a very small amount since the 
power supply swings with respect to ground. 

The calibration procedure is to adjust the rheostat in series 
with the relay coil to give the desired sensitivity using a very 
low value of charging current so the inductive effect is small. 
The charge, q, is determined by measuring the current with a 
potentiometer and the time with a stop clock. Then at the 
highest charging current the compensating resistor is adjusted 
to give the same sensitivity. Careful tests have shown the 
sensitivity of 1.00 microcoulomb per count to be constant to 
within 0.2 percent from 0.005 microampere to 10 micro¬ 
amperes. Changing relays will probably require recalibration 
but the sensitivity is practically independent of the 6SN7. 


New Instruments- 


W, A. Wikihadc; AMociate Editor 
in Charge of this Section 

National Burenu of Sundarde, Washington, D, C. 


These desertpiums are based on information 
and sn some cases from independent sources 
responstbility for their correctness. 


supplied by the manufaaurer 
. The R^iew ariwfnri no 


Infra-Red Analyzer The Perkin-Elmer Corpora- 

^ j ^ announces the development 

of the Model 12-D mfra-red analyser for continuous automatic 
analysis of as many as six different components in a flowing 
stream of sample. The stream may be either in the Houid or 
jsas phase. ^ 


The instrument consists of the following units: 

Infra-red Monochromator—Simitar to that uaed In the Perkln^Blmcr 
Infra-red Spectrometer. . . 

Turret—Automatically driven, twelve point (one reference standard- 
{ration point and one absorption point for each of six components). 

Recorder—Leeds and Northrup, 12-paint, strip chart, specialty 
designed for this Instrument. Automatically synchronised with turret. 

Amplifying Circuit—Highly suble. a.c. operation. Compensates for 
changes in ambient temperature, source intensity, window dirt. etc. 

The cycling time for a six-component analysis is about 6 
minutes. 

The analyser is particularly 'time-saving in the pilot plant 
in determining optimum process conditions. Operating vari¬ 
ables such as temperature, contact time, flow rate, etc., may 
be varied continuously and evaluated immediately from the 
automatic analytical record. In a continuous, multi-stage 
process, sampling may be performed at intermediate stages 
for independent evaluation. 



In the process plant, the instrument provides a permanent, 
accurate record of product concentration and purity, as well 
as an immediate indication warning of process troubles.— 
'I'he Perkin-Elmer Corporation, Gknbrook, Connecticut. 


Color Computing The General Aniline-Libra- 

Device scope tristimulus integrator inte¬ 

grates continuously over all por¬ 
tions of the visible spectrum, will tell immediately whether a 
given color will match another color, and, if not, will describe 
the difference between them. Without the integrator, an 
answer to this question may take hours to get, and even then 
be less accurate. 

The instrument was designed for use with the General 
Electric spectrophotometer invented by Professor Arthur C. 
Hardy, of M.I.T, Only minor modifications of the spcctro* 
photometer are requir^, and the computer may be placed 
inside the existing case. 

Although the eye can tell whether or not two colors are the 
same, no one can describe color differences in words which 
mean the same thing to everybody. Color scientists, however, 
have developed an internationally accepted mathematical 
procedure for obtaining numbers which unambiguously specify 
any color. 

In order to understand this method and the operation of 
the new computer, it is necessary to know that color as we tee 
it is compost of three parts; first the light, which is energy 
radiating from the sun or a lamp; second the dyed, painted, 
or naturally colored material under observation which reflects 
or transmits varying percentages of light of different wave¬ 
lengths, and finally the eye itself. Internationally accepted 
data on the light and the eye are available, and reflectance or 
transmittence may be measured on a spectrophotometer. 
These three factors must be combined mathematically to give 
three numbers, known as the tristitnulus values, which are a 
unique specification of any color observed. Even a color-blind 
person can make the necessary calculations and evaluate the 
color of any material. 

Until the invention of the triathnulus integrator, this 
procedure reqiured tnultipltcation of the tfifree value* at ecotas 
of wave-lengths and addition of the products. The intefmtor» 
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an electronically controlled ball and disk mechanism which 
is connected directly to the spectrophotometer, instantly gives 
the correct result with a precision of five-hundredths of one 
percent. Together, the two instruments—the recording 
spectrophotometer and the tristimulus integrator—not only 
measure and analy^e color in 2} minutes, but yield a numerical 
specification of what we see with hitherto unobtainable 
accuracy.— General Aniline and Film Corporation, 230 
Park Avenuet New York 17^ New York. 


MultichaiWel Switch The Applied Science Corpora¬ 
tion of Princeton announces the 
development of a new multichannel switch driven by a 
60-cycle synchronous motor. The use of a synchronous motor 
assures constant sampling rates and allows the convenient 
use of an ax. line voltage source whose frequency is auto¬ 
matically synchronized with the sampling operation. The 
4-pole model shown here is 2''X3"X4" in physical size and 
has 30 contacts per pole. The wiper is of the shorting type 
for flexibility of use. Standard models have sampling rates of 
720, 360, 240, 180, or 90 r.p.m. 



These switches facilitate investigation of a large number of 
separate quantities or of a single quantity under a number of 
various conditions. In addition to telemetering applications, 
they may be used for the display of characteristic curves and 
multichannel voltage comparison. Electrical operations may 
be synchronized with mechanical motion by appropriate 
attachment of switch rotor.— The Applied Science Corpo¬ 
ration OF Princeton, P. O. Box No. 44, Princeton, New 
Jersey. 


Condenser Products Company 
announces the addition to their 
line of Hivolt power supplies of 
Numbers PS-5, PS-IO, and PS-30, which have respective 
outputs of 5000, 10,000, and 30,000 volts. Input voltage is 
118 volts, 60 cycles. Containers are gray, lacquer-coated 
terne or tin-plated and are hermetically scaled and oil-filled. 

Hivolt power supplies are used for oscilloscopes, radiation 
counters, insulation testers, electrostatic precipitators, photo¬ 
flash devices, projection television, spectrographic analyzers, 
Van de Graaff generators, etc. 


Hivolt Power 
Supplies 



The new Hivolt power supplies weigh; 

PS-S 8.5 ib, 

PS. 10 10 lb. 

PS-lO 21.5 lb. 

The PS-1 (2400 volts) weighs 2.2 Ib.; l*S-2 (2000 volts) weighs 
2.5 lb. These two models are already widely used. 

For further information on the complete Hivolt power 
supplies, write for specification sheet showing regulation and 
ripple curves and other pertinent information. Special output 
60-cycle and higher frequency input supplies on request.^— 
Condenser Products Company, 1375 North Branch Street, 
Chicago 22, Illinois. 


Low Range Air Cells l"wo new Tate-Emery air cells 

having load ranges of 0-1.2 to 
0-6 ib. and 0-2 to O-IO Ib. in tension and compression are 
announced by The Baldwin Locomotive Works, Philadelphia 
42, Pennsylvania. The lowest capacity previously available 
was 0-30 lb. Other air cells are built with capacities up to 
1200 lb. These load-weighing devices were designed for use 
on testing machines of any type or capacity to give high 
precision measurement of small loads such as in testing 
plastics, textiles, cord, paper, and other material. They can 
also be used independently for such purposes as weighing 
chemicals, or controlling chemical processes. 

When a standard Tate-Emery indicator with 66-in. scale is 
connected with the cell, the 0-2-lb. range shows a pointer 
movement of approximately 2 in. for one ounce or ^ in. for 
one gram. Ranges are changed in the indicator. 



Portable Bourdon gauge type indicators with 22-in. scale 
are available with these cells when existing indicators do not 
readily accommodate additional ranges. The minimum range 
with this type indicator is 0-10 lb. 

An air jet and baffle within the cell controls the action of a 
pneumatic force balance system, so that air pressure auto¬ 
matically balances the load. Total movement of the load- 
sensitive member is less than 0.0005 in. This air pressure is 
transmitted to the load indicator. 

Accuracy of load measurwn^^t is within ) percent of 
reading or 0,15 percent of capacity, whidiever is greater, 
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when Bourdon gauge type indicators are used. This becomes 
J percent of reading or 0.1 percent of capacity, 'whichever is 
greater, for the Tate-Emery load indicator.— The Baldwin 
Locomotive Works, Philadelphia 42, Pennsylvania. 


Gyros Production of telemetering 

rate gyros calibrated for rota¬ 
tional measurements from 10* to 1000* per second and position 
gyros with one- and two-axis electrical sensory elements is 
announced by the G. M. Giannini Company 

Gyro accuracies of better than dt2 percent are offered and 
production gyros have been standardized with 2000-ohm, 
2500-ohm, and 5000-ohni resistance pick-offs. Other resistance 
ranges furnished on request. 



Telemetering rate gyros offer natural frequencies to 40 
cycles per second and are available damped or undamped. 

Additional detailed information available.— G. M. Giannini 
AND Company, Inc., 254 West Colorado^ Pasadena i, Coif- 
fornia. 


Tensile Tester The 1 natron tensile tester is a 

new, versa tile, precision instru¬ 
ment based on electronic principles that make possible the 
accurate load-elongation measuremenu of plastic and textile 
materials, wire, paper, rubber, adhesives, and similar specimens. 


Full-scale load range of the unit extends from 2 grams up 
to 5000 pounds in some models, representing a spread of 
approximately a million to one, and a choice of jaw speeds is 
incorporated ranging from 0.02 to 20 inches per minute. By 
virtue of the flexibility of the controls, both for changing the 
sensitivity of the load recording system and for operating the 
motion of the pulling jaw, a variety of unique testing tech¬ 
niques is available for the determination of special properties, 
as well as for routine measurements. 



The instrument utilizes an electronic weighing system based 
on the electric strain gage principle for detecting and recording 
the load applied to the sample under test. 'Phe pulling jaw is 
operated by an unusual drive that provides a controlled rate 
of elongation of the sample over a wide range of speeds, in 
either direction of travel and with instant reversibility. The 
chart of the high speed recorder is driven at various speed 
ratios with respect to this jaw, so that tensile load-elongation 
curves of the material are made accurately at consunt rate of 
elongation. 

The main power to actuate the moving crossh^d is derived 
from a servo<ontrolled drive acting as a "positional follow-up” 
system. By this means, a low power reference unit, which is 
driven synchronously at various speeds through a set of light 
change gears, is able at all times to determine the position of 
the moving jaw. Instantaneous starting, stopping, and 
reversal of direction of travel of this jaw is affect^ through 
fast-acting computer-type magnetic clutches operating on the 
reference unit. 

As almost no lag or error is introduced at reversal, this 
system enables measurements to be made of hysteresis under 
cyclic conditions with accurate correspondence between head 
position and chart travel being maintained at all times. 
Operation of the pulling head is controlled by pushbuttons 
located on the right side of the unit. The ppemtioa can be 
made automatic by adjustable, close-tolerance switches which 
control the gage l^th, cycling points, and other functions. 

Chart spf^s range from 0,2 to 50 in^es per minute, which, 
in combination with the available head i^peeds, provide 
magfilhcation ratios np to 1000 to I.-—fitmiNtsiUNQ 
CoKFORATtON, Z Hmscock Quimcyt 
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Rouy Photroni6tef Reflecting the latest electronic 

developments, the new Pho- 
trometer is faster, more accurate, and simple to operate, 
having only two movable parts. It is pre-calibrated for 38 of 
the most common clinical tests, making it unnecessary to 
keep a supply of standard solutions on hand. Supplied with 
every Photrometer is a handbook containing calibration 
tables for each clinical method, thus eliminating calculation. 

The optical system consists of a lamp, precision ground 
mirror, Alters and absorption cell. Light traversing this 



system falls upon a barrier layer photoelectric cell, generating 
a current whi^ actuates a direcureading microammeter. 

Of twelve filter spaces provided, ten contain narrow spectral 
band filters which cover the entire visible spectrum. Two 
other spaces are supplied to allow for special work by the user. 

Housed in a compact, white enameled cabinet, the Pho- 
trometer is mounted on a base cast from high strength 
aluminum alloy, making the unit lightweight and easy to 
handle.— E. Leitz, Inc., 304 Hudson New York 13, 

New York, 


Precision Warburg 
Apparatus 

uses; 


Precision Scientific Company 
has developed an advanced War¬ 
burg apparatus for the following 


1. For measuring respiratory exchange in yeast, bacteria spores, plant 
and animal tissues, and ior the measurement of lactic add production 
by normal and tumor tissues. 

2. For reactions in which add or alkali is produced or consumed in 
bkarbonate solutions In equilibrium with COi gas mixtures. 

3. For the measurement of blood nsaes and for investlgaUng the reactions 
of hemoglobin and other blood pigmenU. 

A time-saving convenience is found in that the entire 
manometer bank can be rotated through 360® in either 
direction for as many revolutions as desii^. The apparatus 
holds 20 Warburg manometers (os 10 Summerson diflerential 
manometers) which can be read in motion or stopped in pairs 
by an operator from a fixed position. 

Operation is further simplified by the simultaneous adjust¬ 
ment of shaking amplitude of the entire ra^ from 1 to 4 
centimeters. The simking rate is also adjustable at any 
interval from 50 to 150 oscillations per minute. 

The function of hdding the guaranteed temperature sensi¬ 
tivity of 0.02*C is performed by three units. An improved 
adjustable Mjon>$et Thermoxegulator in conjunction with a 
Mtvc-to-Merc relay has shown in tests that it responds to 
temipemtuie changes of less than O.OUC The noiseless 
phwMd '^l^rediion” Octo^Mix stitTer drculatas approxi¬ 


mately 60 gallons of water per minute to assure uniform bath 
temperature. The auxiliary heater will bring bath tempera¬ 
tures from cold to operating in approximately an hour. 
Temperature range of heated model is from room temperature 
to 60*^0. 

Stainless steel manometer supports with built-in manometer 
guards have bridge-type construction which eliminates 
quiviering or wobbling. No twisting motion is employed in 
their operation. Glassware can be removed from manometer 
supports by loosening only three thumbscrews. 

(ireful designing has enabled "Precision” to incorporate 
these advances in a circular stainless steel apparatus with 
over-all dimensions only 27" in diameter by 41" in height. 
The Precision Warburg apparatus is available also in a 
combination heated and refrigerated model with a temperature 
range of 10®C to 60®C. Apparatus for temperatures lower 
th4n 10®C can be supplied in custom built models.— Preusion 
Scientific Company, Chicago 47, Illinois, 


Thermoregulator A new immersion-type Micro- 

Set Thermorcgulator for labora¬ 
tory use in controlling liquid temperatures in water and oil 
baths, or air temperature in ovens, etc., has a sensitivity of 
cfc0.02®F over a ran^ of 50 to 220®F. Only 15" long, its 
patented design eliminates an outer shell so that there is a 
minimum of lag in response to slight temperature changes. 
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The Thermoregulator features a quick-adjustment sleeve 
which magnetically moves one of two electrodes'so that the 
regulator will turn heating devices on and off to maintain any 
temperature within its range* I'he thermometer-shaped device 
has two capillaries, one with mercury which rise^ and falls 
with temperature to make or break contact with the upper 
metallic electrode. Contact points are sealed in hydrogen 
under pressure, eliminating corrosion, and load terminals are 
enclosed to eliminate danger from sparks, 'fhe device is for 
operation with relays such as the Fisher-Serfass Electronic 
Relay.— Fisher Scientific Company, 7J7 Forbes Street, 
Pittsburgh 19, Pennsylvania. 

Hand Torch "The new Torchmaster is a 

general utility, self-contained 
hand torch only 21*' by IS" burning liquid petroleum gas 
(butane, propane, etc.). It holds enough fuel for an average 
day's burning. The torch will do light bracing, soldering, and 
innumerable heating operations. It burns upside down or at 
any angle and has a filtered *‘Wind-Pruf” burner that will not 
clog or blow out. It is of steel construction, satin-chrome 
finished, and of precision manufacture throughout. A single 
control valve turns the torch on and off and adjusts the flame 
from a pencil point to a roaring blowtorch. It is easy to handle, 



invaluable in cramped quarters, and can be carried or stored 
anywhere. Amazingly economical, it can be filled from stand¬ 
ard containers for three or five cents.— Industrial Engi¬ 
neered Products Company, 7416 Melrose Avenue, Los 
Angeles 46, California. 


High Stability A new resistor of outstanding 

Carbon Roaistore characteristics is now available 

from Welwyn Electronic Com¬ 
ponents, Inc. Of the "cracked carbon" process of manufacture, 
the resistor element is a homogeneous film of pure carbon 
deposited on a porcelain tube. After aging, carefully fitted 
turned brass end caps are applied, into which the terminal 
leads are staked and soldered; the completed resistor is then 
brought to the required resistance value by spiraling in 
automatic machinery. The completed resistor is then given 
several coats of silicone, containing lacquer, to protect it from 
nioisture and mechanical damage. This manufacturing tech¬ 
nique assures high stability and careful adherence to toler¬ 
ances. Normally m^e to 1 percent tolerance, it is expected 
that all resistors delivered in the American market will adhere 
to that figure for the life of the component. They can also 
be had in 2 percent and 5 percent tolerances, and in the 
sizes of J, 1, and 2 watts capacity. American stocks in 
d^de and RMA preferred values will be maintaiiied at 
New York for immediate deliveries. 




The lacquer coating is capable of operating at 150X, and 
this factor can permit the resistor to dissipate full power 
rating in ambient temperatures of 100®C. The temperature 
Coeificient of resistance of cracked carbon is of the order of 
0.02 percent/“C, and this value can be taken to hold over the 
major range of resistance values. Voltage coefficient of resis¬ 
tance can be taken as of the order of 0.002 percent of the 
resistance value per volt applied. 

The noise level to which Welwyn resistors approach is 
within a very few decibels of the minimum value as deter¬ 
mined by the Johnson formula. As the resistance element is a 
homogeneous layer of tarbon of almost monomolecular thin¬ 
ness in the higher resistance values, it can be appreciated 
that they are free from the customary sizzling and frying 
noises, so commonly associated with the composition carbon 
resistors. 

The development tei^hnique has been so far perfected that 
these high stability resistors are offered in a range from 100 
ohms to 50 M ohms in 1 pendent tolerance, and wider ninges 
in a 5 percent tolerance of resistance values.— Wixwyn 
Electronic Components, Inc., 234 East 46th Street, New 
york 17, New York. 


Laboratory Balance instrument-making meth¬ 

ods and materials have made 
possible a radically new torsion-principle balance for general 
laboratory use. With a sensitivity rating of 2 milligrams 
grain), and a capacity of 120 grams (4 oz.) a fast weighing 
balance of this type has manifold uses below the delicate 
work for which the accuracy of the enclosed-case, ultra-refined 
precision balance alone suffices. 



The new balance is a torsion balance, with no departure 
from the principle of a beam balancing by means of ribbon 
metal bnn^ acting in torsion, rather than pivoting on kn^ 
edges. Other than n^hemuse to bask ^ mw 
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product has underg^one a complete re-engineering and modern¬ 
ization of design. 

The beam graduations are in two parallel scales, one in 
grains, the other in grams—and one in black and the other in 
red to guard against confusion.— The Torsion Balance 
Company, Clifton, New Jersey, 


Manufacturers’ Literature 

Technical Review —No, 1, an 8-page illustrated periodical, 
features a new electrodynamic high speed level recorder with 
writing speeds up to 1000 db/sec. and a new beat-frequency 
oscillator with regulating compressor, making possible record¬ 
ings of frequency responses of microphones, amplifiers, loud¬ 
speakers, etc,, building-acoustic recordings of sound insulation 
of walls, and automatic recordings of reverberation curves in 
halls.— BrOel & Kjakr, Naerutn, Denmark, 

Tracerlpg' —No. 15, 12-page house organ, includes a desc:rip- 
tion of techniques for the use of beta-radiation and photon 
absorbers, a description and specifications of the SU-3A 
Laborator\' Monitor for detemiining small amounts of radia¬ 
tion, and a list of uses for radioisotopes, Part II. Also contains 
index of all Traccrlog technical articles and data (January 
1947 to December 1948).— Tracerlab, Inc., 55 Oliver Street, 
Boston W, Massachusetts. 

Recording Paper—A 12-page illustrated reprint fnmi 
Western Union Technical Review describes “Tcledeltos,’’ a dry 
electrosensitive recording paper for facsimile telegraph appa¬ 
ratus and graphic chart instruments. 'I'his non-elect roly tic 
recording material is insensitive to light, not readily marked 
by heat, unaffected by cold, and impervious to fungus growth 
and parasitic organisms,— Development and Research De¬ 
partment, The Western Union Telegraph Company, 60 
Hudson Street, New York 13, New York. 

Oscillographer —Vol. 11, No. 1, 16 pages, features an 
illustrated article on the Type 250 cathode-ray oscillograph. 
Other items are notes on improving the performance of Types 
248 and 248-A cathode-ray oscillc^raphs, an oscillographic 
crystal mode analyzer, and a bibliography of papers in 
contemporary publications of interest to those engaged in the 
application of the oscillograph.— Instrument Division, 
Allen B. DuMont Laboratories, Inc., 1000 Main Avenue, 
Clifton, New Jersey. 

Apparatus Notea —No. 502, a 12-page bulletin, contains 
detailed information on a variety of laboratory apparatus, 
including box furnaces, salt fog cabinets, mercury filters, 
pocket microscopes, program timers, tally counters, micro¬ 
scope lamps, weights, and 8upFK)rt frames.— Andrew Tech¬ 
nical Service, 4747 North Damen Avenue, Chicago 25, Illinois. 

Dynamometer— Bulletin D, a 4-page bulletin describes the 
Dillon Dynamometer, a portable, individually calibrated, 
fatigue-tested dynamometer for measuring traction, tension, 
or weight from O-SOO lb. to 0-20,000 lb. Unlike ordinary 
"spring” measuring devices, it operates through deflection of 
a special alloy steel beam, requiring only 0,040-inch movement 
to indicate a full-scale reading.— W. C. Dillon & Company, 
Inc., 5410 West Harrison Street, Chicago 44, Illinois. 

Corrent Data on High Vacuum Apparatua— 8-page bulletin 
contains article on measurement of low pressures and notes 
on developments in the field of high vacuum.--^D istillation 
Xkc., 755 Ridge Road West, Rochester 13, New York. 


Oacillo-Record Camera Acceaaoiies —Details on request of 
a new universal mount which is adjustable in height to suit 
any standard oscilloscope, a new adapter for mounting stand¬ 
ard 35-mm 1000-ft or 400-ft magazines, and a Binocular Split 
Beam Viewer. These accessories are for the manufacturers* 
Osciilo-Record Camera.—W. J. Schubert, Special Camera 
Division, Fairchild Camera and Instrument Corpor¬ 
ation, 88-06 Van Wyck Boulevard, Jamaica 1, New York. 

D.C.-A.C. Chopper —Single page Form 233C lists and 
describes a new Type 240 Chopper, designed specifically for 
operation at 0.050 ampere or less, and Type 222 Chopper, 
listed at 0.5 ampere or less.— Stevens-Arnold, Inc., 22 
Elkins Street, South Boston 27, Massachusetts. 
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Forest K. Harrii: AuocUte Editor 
in Charge of this Section 

National Bureau of Standard!, Washington, D. C. 

Hermetic Seals Cefro5ea/-J5 is an indium solder 

that adheres directly to glass, 
mica, and some ceramics, and also bonds to the same metals as 
ordinary solder. It can therefore be used for hermetically seal¬ 
ing glass to glass or glass to metal. Its working temperature 
is approximately 260®F on glass, and it can be used for the 
sealing of glass dial covers on instruments, vacuum seals in 
glass laboratory apparatus, etc. It has the following advantages 
over the litharge-glycerine seal: it does not pull loose under 
vibration; is not dissolved by various vapors to which it is 
expexsed in use; provides leak-tight joints which may be tested 
immediately after setting; less skill is required for assembling. 
Samples of this solder together with instructions for its use are 
available from the manufacturer.— Cerro De Pasco Copper 
Corporation, 40 Wall Street, New York 5, New York. 

Ductile Cast Iron Magnesium has been con¬ 

sidered to be completely un- 
alloyable with iron but, if properly controlled, it can be 
incorporated in molten iron to bring about desirable changes. 
An effective way of doing this is by incorporating a nickel- 
magnesium alloy in molten iron. The cast alloy is characterized 
by a graphite structure in the form of spheroids, flake graphite 
being entirely absent. 

The process is operative with practically all types of cast 
iron including hypo- and hypereutectic, ferritic, pearlitic, 
acicular, and austenitic varieties. For pearlitic grades of 
cupola-melted material containing 3.2-3.6 percent of carbon 
and 1.8-~2.8 percent of silicon, the ductile iron (as cast) pro¬ 
vides a combination of 85-105,000 p.s.i. tensile strength with 
some ductility. In contrast to gray cast iron, its strength is 
only moderately affected by section thickness. Under stress it 
behaves elastically like cast steel rather than cast iron up to 
high loads, with a modulus of elasticity of 25X10* p.s.i. 

The high strength and rigidity of ductile cast iron make it 
applicable to heavy industrial machinery, while its ductility 
may provide thermal shock resistance far greater than has 
previously been available in high carbon castings. Resistance 
to growth and oxidation give promise of its usefulness in high 
temperature applications. A number of foundries have ar¬ 
ranged manufacturing licenses under the pending patent 
application.— International Nickel Company, 67 Wall 
Street, New York 5, New York. 

Flexible Conduit Flexpansion is a flexible me¬ 

tallic electrical conduit with a 
Neoprene coating bonded to the metal. Tlie conduit and its 
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fittings are liquid proof, airtight, and chemical resistant, and 
are stated to completely eliminate the danger that the wire 
within the conduit will be damaged by oil, grease, or other 
liquid. It has been developed for use on machine tools, chem¬ 
ical plant wiring, underground wiring, or other places in which 
ordinary conduit is likely to be short-lived. Nominal sizes 
range from } to 2 inches. Lengths and end fittings may be 
specified.— Techniflex Corporation, 55 Jersey Avenue, Pori 
Jervis, New York, 

High Temperature FlexUte Ilytem is a plastic tub- 

Flexible Tubing developed for electrical insu- 

lation applications. This tubing 
is stated to have unusual resistance to high temperatures, good 
dielectric strength, high resistance to stretching, tearing, or 
abrasion, and to withstand exposure to oils, acids, and alkalies. 
Manufacturer’s tests show that the tubing is not brittle and 
will not crack when flexed after 100-hour exposure to heat at 
300°C. It is recommended for use under continuous operating 
temperatures up to 150°C.— Mitchell-Rand Insulation 
Company, 51 Murray Street, New York 7, New York. 

Heftt Exchange A new fin design on heat ex- 

Tubina change tubing makes use of 

® crimped or corrugated helical 

fins. Tubing with this construction is available in lengths up 
to 25 feet. Tube diameters range from 4 to 1 inch and fin 
widths from 1 to 4 inch. A typical application is in the con¬ 
struction of blast air-heating and -cooling equipment.— Rome- 
Turney Radiator Coi^pany, 107 Canal Street, Rome, 
New York. 

Strapping Tapa Ao, 320 is a new Scotch paper 

tape, 13-15 mils thick, reinforced 
with thread-like fibers running lengthwise through it. It has a 
tensile strength of 180 pounds per inch of width. Faced with a 
pressure-sensitive adhesive, it adheres to the work and to 
itself as it is wound in place. It may be used in packaging 
structural shapes, pipe, rod, coils, etc., and in preparing such 
products as plate glass, plastic sheets, etc., for shipment. It is 
available in 60-yard rolls, in widths from i'' to 23".— Minne¬ 
sota Mining and Manufacturing Company, 902 Fauquier 
Avenue, St, Paul 6, Minnesota, 

Fire-*Retardant Flame-Seal is a new fire-retar- 

dant and non-toxic paint which 
does not require mixing and 
which can be applied directly with brush or spray gun. This 


paint, when attacked by flame, undergoes a physical trans¬ 
formation, forming a hard protective crust at least 8 times the 
thickness of the original paint. Sustained exposure for 30 
minutes at a single spot to flame from a blow torch at 2000®F 
is stated to cause some charring, but the coating will not at 
any time support combustion. 

This paint is said to be moisture-proof and termite-proof, 
and will not craze, chip, peel, or crack. It can be washed with 
any standard cleaning powder or soap without decreasing its 
effectiveness as a flame-retardant. It is recommended by the 
manufacturer for use on all interior raw-wood surfaces.— 
Stallton Chemical Corporation, 8-14 37th Avenue, Long 
Island City 1, New York. 

Toxnpefaturo TempUstiks, Tempil Pellets, 

Indicators Tempilaq are the three forms 

in which this temperature indi¬ 
cator is available. The first is a crayon to mark a surface where 
temperature is to be read, the second is a pellet to be placed 
on the surface, and the third is a liquid that is spread or spotted 
on the surface and allowed to dry. Each will melt at the tem¬ 
perature for which it has been specified. These products are 
now available with belting points at intervals of 124 *’F 
throughout the temperature range from 113 to 400®F, and 
with larger intervals up to 1600®F.— Tkmpil Corporation, 
132 West 22nd Street, New York 11, New York, 

Dry CeU The Eveready Ignitor No. 6 dry 

cell has been improved to pro¬ 
vide 25 percent and 20 percent increase, respectively, in the 
ASA light intermittent and heavy intermittent test. This 
should be of advantage to those who use this cell for testing 
instruments, alarm systems, and similar applications.— 
National Carbon Company, 30 East 42nd Street, New York 
17, New York. 

Neoprene Neo-sponge Comfort Mat Is de- 

Fioor Mat signed for use by workers who 

have to stand at their job. It is 
constructed of Neoprene rubber filled with minute nitrogen 
bubbles, and has a triangular raised pattern on both sides of 
the reversible unit. It is not subject to attack by oils, greases, 
or acids and is stated to be an excellent insulator both against 
electricity and heat. It is available in 18- and 36-inch widths, 
in lengths up to 94 feet, and in 1- or |-inch thicknesses.— 
American Floor Products Company, 1524 M Street, N, W,, 
Washington 5, D, C, 
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A Mass Spectrometer for Continuous Gas Analysis* 

Jack A. Hunter, Ralph W. Stacy, and Fred A. Hitchcock 
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(Received Oclol)er 18, 1948) 

An instrumeni for recordinR continuously the relative abundance of gases in a three component 
mixture is described. High accuracy of analysis has been sacrificed in favor of high speed response 
since the instrument was designed primarily for use in the investigation of respiratory problems. An 
instantaneous change in gas composition will appear on the record with a lag of less than 0,2 second 
and will require approximately 0.1 second to settle on this new value. 


INTRODUCTION 

P ROBLEMS existing in several fields have 
shown the desirability of recording the com¬ 
position of gas mixtures at various stages of a 
continuous process. The particular problem that 
prompted the development of this instrument con¬ 
cerned the changing composition of respired air. 
In the investigation of such respiratory problems it 
is necessary that the instrument have a “rise 
time'”*** less than 0.2 second with minimum lag. 

It was deemed advisable to take the design of an 
instrument which had already proven itself and 
incorporate only the necessary modifications to 
achieve the desired performance. Accordingly, the 
instrument described in A. O. Nier's papers^*® was 
used as a basis for the design of this spectrometer. 


GENERAL DESCRIPTION 

Figure 1 is a schematic diagram of the general 
layout of the mass spectrometer. Air is drawn into 
the sampling system through a hypodermic needle 
(B) by a vacuum pump (A). It flows past a needle 
valve orifice (C) and a portion is drawn into the 
ion source (D). The ions pass into the magnetic 
field (E) and the components are deflected to fall 


* The work deacribed in this paper was carried out under 
contract between the ONR ana the Ohio State University 
Research Foundation. 

•• '‘Rise time'* is defined as the elapsed time from the be¬ 
ginning of the response to the attainment of a new value, 
stable to within experimental accuracy, for an instantaneous 

Rev. Sci. Inet. 18, 398 (1947). 

• A. O. Nier, Rev. Sd. Iiut. U, 212 (1940). 


on the collector plates (F, F', F"). Static potentials 
on plates (G, G') serve to bring tlie two outside 
components to bear on *their respective collector 
plates. The electrometer tubes and the input re¬ 
sistors are mounted inside the receiver end of the 
spectrometer tube, and connection is made to the 
preamplifier through shielded cables. The output of 
the amplifiers is fed into mirror galvanometers 
which reflect beams of light onto a moving strip 
of photographic paper. 

THE SAMPLING SYSTEM 

The sample to be analyzed is pulled through a 
number 24 hypodermic needle and past the leak 
by a small vacuum pump,® as shown in Fig. 1. The 
line between the hypodermic needle and the leak 
has great effect on both time lag of response and 
the response time, and. therefore, should be kept 
as short as possible. A six-foot length of O.D, 
copper tubing has been used satisfactorily. 

The leak Itself, shown in Fig. 2, consists of a 
needle valve. The needle used was an ordinary 
sewing needle usually designated as a No. 3 “be¬ 
tween'* needle, mounted in a brass bolt with a 
i-28~N.F. thread. The seat consists of a cylindrical 
brass rod 3 mm in diameter and 5 mm in length 
through which a 0.7-mm hole has been drilled. The 
variable constriction produced by the needle valve 
is introduced into the stream of gas in such a way 
as to obtain a very short flushing time. Readjust* 
ment of the needle valve is rarely necessary. The 

* Such as Welch Duoseal JNTo, 1400-B. 
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use of a pumping system somewhat larger than 
usual permits a leak of such dimensions'as to re¬ 
duce the effect of fractionation^ to below the sensi¬ 
tivity of the instrument for a wide range of operat¬ 
ing conditions* To demonstrate this, measurements 
of apparent relative abundance were made on CO 2 
and O 2 in O 2 -CO 2 -N 2 mixtures. If fractionation 
exists, then varying the ratio of leak dimensions to 
mean free path would cause a change in the meas¬ 
ured ratio of CO 2 to O 2 . The fore pressure on the 
leak was held constant while the leak dimensions 
were varied sufficiently to change the vacuum from 
10“* to 2X10”* mm Hg, and the ratio of CO 2 to 
Oa remained constant to within experimental ac¬ 
curacy (rfcO.S mm; 11 cm full scale galvanometer 
deflection), 

THE SPECTROMETER TUBE 

'The spectrometer tube is constructed of metal 
throughout. That portion of the tube which passes 
through the magnetic field was flattened to slip 
between the pole faces of the magnet and curved to 
accommodate the ion beam curvature. This por¬ 
tion was formed from copper tubing 2|" in diameter 
with walls. To this is attached a copper tec, 


one leg of which goes to the vacuum system. At 
the other end of the tee, a sylphon bellows is at¬ 
tached to facilitate focusing of the ion beam.* The 
ion source is mounted on a brass plate, which is 
bolted onto the sylphon end of the spectrometer 
tube. All temporary connections of the tube are 
made with grooved flanges fitted with Neoprene 
gaskets. Permanent connections are made with 
silver solder. Electrical connections are made 
through Stupakoff seals soldered into the tube. The 
receiver end of the tube is constructed from 
diameter brass tubing and is about 18"'long. The 
receiver assembly is mounted on a brass plate 
which is bolted onto the spectrometer tube in a 
manner similar to the ion source. 

THE VACUUM SYSTEM 

The vacuum system consists of the forepump,* 
a diffusion pump with a capacity of 250 liters per 
second at 10“* mm Hg,^ a cold trap in which liquid 
air is used routinely, a thermocouple gauge, and a 
Philips ion gauge. All metal parts of the vacuum 
system except the pumps were boiled in a bright 
plating bath to clean the surfaces. In practice, we 
have had no difficulty getting a vacuum of 5X10”* 



*5: Honig, J. App. Phya. 16, 646 (1945). 

* W. h. Stephens I^hys. Rev. 45. 513 (1934). 

•Such as Welch Duoseal No. 140S-B. 

' Such as Distillation Products, Inc.. No. VMF 260. 
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Fig. 2. Leak and ion source. 


mm Hg; without degassing. After the pressure has 
been reduced to about 5X10“* mm, the needle valve 
is opened until the gas flow into the spectrometer 
tube is sufficient to raise the pressure to 10“* 
mm Hg. 

THB ION SOURCE 

The ion source used is basically the same as that 
of Nier’s instrument, except that tantalum was used 
instead of Nichrome V, and the ionization chamber 
was so des^ned as to offer appreciable resistance 
to flow of gas into the main vacuum chamber. This 
causes the pressure in the ionization chamber to 
be about 80 times that in the main vacuum chamber 
and thus permits the use of an oil diffusion pump' 
even though we are working in the same mass 
range as the oil vapors. With this ion source total 
ftoaitive ion currents of 10“* ampere are easily 


obtmned with 200 microamperes total emission 
current. 

The design for the electroms^net we have used 
is taken from Nier.* 

THB RECEIVER ASSElfBLT 

The problem of collecting a multiple beam be¬ 
comes relatively simple when the masses are as 
widely separated as in the case of carbon dioxide, 
oxygen, and nitrogen. The receiver assembly (Fig. 
3) consists of three sections, each composed of a 
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Time in half ncconda 

Fig. 4. A topical record of expiration. 


defining slit, a secondary emission suppressor slit, 
and a receiving plate. Since it is difficult to deter¬ 
mine exactly the separation between the three 
components, two sets of deflecting plates were 
added,, through which the CO 2 and N 2 beams pass 
and are shifted slightly to bring them to bear ex¬ 
actly on their collecting plates when the middle 
beam is centered on its collector. A stabilized po¬ 
tential of 225 volts is taken from the amplifier 
power supply and brought to the plates through 
potentiometers and reversing switches. To reduce 
the capacitance of the collecting plates and their 
leads, the preamplifier stages are mounted in the 
receiver assembly. It is necessary to maintain 
great rigidity of the receiving plates relative to 
their surroundings inasmuch as there is appreciable 
response to low sonic frequencies. 

ELECTRONIC COMPONENTS 

With the exceptions to be noted for the amplifier 
and its power supply, the electronic equipment is 
the same as that of the Nier instrument. The first 
modification consists of omitting the condensers 
across the preamplifier grid leak resistors. These 
condensers were used by Nier to match the time 
constants of the channels, which is not necessary in 
our work. 

The second modification consists of changing 
circuit elements of the power supply to increase its 
current capacity to one-half ampere in order to 
permit the addition of a third channel in the ampli¬ 
fier, and an extra stage of amplification to each 
channel in order to drive the relatively insensitive 
galvanometers we have used. 

Finally, the addition of a third channel made 
necessary some change in the filament supply of 
the amplifier. In order to keep the filaments of the 
various stages near the cathode potentials the 12- 
volt filament tubes were changed to 6-volt tubes 
and ballast resistors introduced at appropriate 
points. Similar changes were made in the pre¬ 
amplifiers. 


The recording has been accomplished with three 
type G-6 G. E. galvanometers reflecting light 
beams onto the lens of a 12-cm Cambridge strip 
camera. In operation, a film speed of one inch per 
second has been used. The galvanometers are of the 
ribbon type and are serviceable up to 500 c.p.s., 
which, along with their rather low current sensi¬ 
tivity, has been found to be a handicap, since any 
“hash” picked up from other apparatus is recorded. 
These galvanometers are to be replaced with re¬ 
corders® which have a full scale response of 250 
microamperes in less than 0.25 second. 

PERFORMANCE 

Figure 4 is a re<'ord which is typical of that ob¬ 
tained when a normal expiration is recorded with 
the sampling orifice placed just in front of the 
lips. The instrument is calibrated at the end of 
each recording with a gas mixture of known oxygen 
and carbon dioxide content. By setting up the 
relations between calibration excursions and ex¬ 
perimental excursions in a simple algebraic ratio, 
results have been obtained which are consistently 
accurate to one millimeter partial pressure of oxy¬ 
gen or carbon dioxide. That the oxygen in air 
sampled had no effect on the carbon dioxide reading 
was demonstrated by transferring the sampling 
needle from a stream of 100 percent nitrogen to 
100 percent oxygen. When this was done the carbon 
dioxide reading remained consistently on zero. In 
a similar manner it was demonstrated that the 
carbon dioxide in the sample had no effect on the 
oxygen reading. 

The rise time of the instrument was determined 
by placing the needle orifice in a stream of gas 
mixture which differed in oxygen and carbon di¬ 
oxide content from room air, then suddenly re¬ 
moving the needle into room air. The change thus 
observed begins about 0.2 second after the move¬ 
ment of the needle, and is complete within 0.1 
second of the time it begins. The rise time is 
essentially the same for oxygen and carbon dioxide, 
indicating that the memory effect due to adsorp¬ 
tion of gases onto the metal parts of the ion source 
(which is seen to the greatest extent in carbon 
dioxide) is negligible. 
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A Microwave Polarimeter 

Alfred E. Schwaneke* and Zaboj V. Harvalik** 

UniversUy of Missouri, School of Mines and Metallurgy, Rolla, Missouri 
(Received December 6, 1948) 

A microwave polarimeter h described which enables the determination of rotation of the plane of 
polarization of microwaves in the 3.2«cm band. The transmitter-analyzer utilizes klystron tube 72J 
A/B. The microwaves are fed into a horn which acts as a polarizing agent. The analyzer-receiver 
consists of a horn antenna, rotatable wave guide, a crystal detector, and an indicator. The microwaves 
are rectified by a crystal rectifier, and are either detected by a microamnieter, a galvanometer, or by 
an amplifier of appropriate design. Changes of angles of rotation can be detected if they are not less 
than 2® to 3®. 


I NVESTIGATIONS regarding the behavior of 
microwaves have disclosed that their physical 
properties are more or less identical with those of 
visible light A certain kind of phenomenon of inter¬ 
action of microwaves with matter will show a pro¬ 
nounced difference, however, due to differences in 
wave-length. This difference is even more pro¬ 
nounced with respect to absorption and reflection 
when microwaves are directed against matter. This 
paper describes a microwave |X)larimeter which 
might prove useful in the investigation of polarized 
microwaves and their interaction with reflecting 
and absorbing substances. 

The microwave polarimeter, like the optical 
polarimeter, uses a polarizer and an analyzer, but 
it differs in that the microwave-polarizer also in¬ 
cludes a microwave-generator, A klystron tube 
(723 A/B) generates microwaves of 3.2-cm wave¬ 
length and about 25 milliwatts. The microwaves 
are fed by a wave guide into a horn which acts as 
the polarizing agent. In the analyzer a system of 
horn and wave guide also is used. The microwaves 
reaching the horn of the analyzer are transmitted 
by a wave guide to a loop. The microwave energy 
induced in the loop is transmitted to a coaxial line, 
\,hich permits the rotation of the horn over a range 
of 360®. Using a coupling antenna, the energy from 
the coaxial line is transferred into a wave guide, 



Fig. 1. 

* Now at Central Missouri State Teachers College, War- 

irfllultitut* of Science and Technology, University 
of Arli^ttsat, FayettevillCi Arkansas. 


into which a 1N21 crystal detector is inserted. The 
output current is fed from the detector into an 
amplifier or microammeter or galvanometer. 

The essential features of the polarimeter are 
shown in Fig. 1. The polarizer portion consists of 
a type 723 A/B klystron generator coupled to a 
short section of a wave guide which radiates energy 
into space through a pyramidal horn antenna. This 
antenna radiates a plane-polarized wave that is 
intercepted by another horn which serves as the 
antenna of the receiver-analyzer. A special coaxial- 
line-rotating joint allows the analyzer horn to be 
rotated in order to measure the polarization char¬ 
acteristics of the received energy. This special joint 
couples the energy to a semi-resonant section of 
wave guide terminated in a silicon crystal rectifier 
(1N23). The output of the polarizer can be fed 
either into a galvanometer or into an amplifier 
with the following modification: If the output of 
the polarizer is amplitude modulated by a 1000- 
cycle/second wave, this modulation is appearing as 
a 1000-cycle varying voltage across the crystal 
rectifier with a steady, true current component of 
the rectified carrier. This complex current is passed 
through an impedance transformer (T3 of Fig. 8). 
The resulting 1000/cycle-second square wave is 
then sent through the amplifier to a vacuum tube 
voltmeter which indicates the received signal in- 
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^ale 
Fig. 3. 

tensity. Any change of amplitude in the receiver is 
recorded by the voltmeter. 

Variations in the line voltage would cause varia¬ 
tions in frequency and amplitude of currents and 
voltages appearing in all components of the above 
described system. Therefore, the power supply 
must be regulated. The connection of power 
supply with the transmitter-polarizer is shown in 
F'ig. 2. If an amplifier is used with the analyzer- 
receiver, an identical power supply is recommended 
for the amplifier, as well as for die modulator which 
causes the 1000-cycle/second signal in the trans¬ 
mitter polarizer. These power supplies show a 
regulation "better than 1 percent over the range of 
150 to 350 volts output. 

TRANSMITTER POLARIZER 

The transmitter-polarizer section of the polar- 
imeter is relatively simple in its construction. One 
end of a wave guide, 15 cm long, is terminated in a 
flange; the other end is terminated with a close- 
fitting, rectangular, machined brass plug, which 
includes an adjusting screw to vary the plug posi¬ 
tion over a range of about 1 cm. At a distance of 
1.0 cm from the central region of travel of the 
brass plug, a hole is drilled to mount a quarter- 
wave choke coupling to take the coaxial output 
line from the klystron. This choke coupling is used 
to insulate the wave guide from the flange of the 
line, since the flange is at a beam potential of -|-250 
to 4-300 volts. A small chassis is placed above this 
hole. On it is mounted a modified octal socket to 
receive the klystron, and an octal plug to furnish 
the various voltages to the klystron. Detail of the 
klystron mount and the wave guide coi\nection is 
shown in Fig. 3. The horn antenna is attached to 
the choke flange at the other end of the wave guide 
section. This type of construction enables the guide 
to be excited in its simplest mode, namely, the 
TE 1.0 mode which radiates a wave from the horn 
that is plane-polarized parallel to the short dimen¬ 
sion of the guide, which, in this case, is vertically 
polarized. 

If the reflector or repeller voltage of a klystron is 
varied sinusoidally or by a saw-toothed wave shape, 
the resulting radiofrequency output will undergo 


ordinary frequency modulation at the rate ttf the 
varying voltages applied. 

If a square wave variation is applied to the re¬ 
peller potential, the result will be amplitude modu¬ 
lation of the klystron output power.' 

To simplify the receiving system, the klystron is 
amplitude-modulated with a square wave of ap¬ 
proximately 1000 cycles/second. The modulator 
consists of a multi-vibrator which produces essen¬ 
tially a square wave voltage, a positive peak-type 
tube circuit to insure a flat-topped piositive peak. 



and an amplifier to produce the power output re¬ 
quired for best modulation. The output of the 
square wave amplifier is coupled to the klystron 
repeller through a 0.5-microfarad capacitor. A dia¬ 
gram of the modulator and its controls is shown in 
Fig. 4. 

RBCBIVBR ANALYZER 

Rotating joints for wave guides have been used 
extensively in radar work. These joints allowed 
lateral or azimuth rotation without rotation of the 
plane of polarization, and a search revealed that 
no type was suitable for sensitivity to only one 
plane. Therefore, the receiver analyzer for this 
instrument, in order to fulfill the requirement of 
being sensitive to only one plane of polarization, 
had to be of a special construction. Furthermore, it 
must contain a device which permits the continuous 
rotation of the plane of polarization to an axis in 
line with the transmitted energy from the polarizer. 
The receiver developed for this instrument is 
shown in Fig. 5. 

A wave guide similar to that used in the trans¬ 
mitter polarizer, with its associated flange, is 
mounted in lubricated bearings cast of lead with 
brass • sleeves. These bearings allow a free axial 
rotation of the wave guide. The receiving horn is 
attached to the flange. The opposite end of the 
section of the wave guide supports a special ro¬ 
tatable coupling. 

A machined brass plug fits tightly into die end 
of the wave guide. A brass tube, 3.2-cm 
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diameter, extends through this plug and serves as 
the outside conductor of a coaxial line centered in 
this tube. A wire terminating at the inside of the 
brass plug in a small loop 0.4 cm in diameter serves 
as the center conductor of the line. The orientation 
of this loop determines the response of the receiver 
to the plane of polarization or the energy in the 
wave guide. In this case the response must be 
limited to transverse electro-magnetic fields only 
(TE 1.0). As all waves have associated magnetic 
fields at right angles to the electric field, the solu¬ 
tion to obtaining a plane-polarization response at 
the end (plug) of the guide is to mount the loop to 
respond only to the magnetic lines of force which 
are parallel to the long dimension of the guide. 

The use of the loop with its axis parallel to the 
long dimension of the guide, in order to link only 
the magnetic lines of force appearing across the 
long dimension of the guide, allows a coaxial line 
to pass out of the geometric center of the plug in 
the guide. As far as could be determined, this type 
of coupling has not been used before, for all com¬ 
mercial line-to-wave guide couplings make use of a 
quarter-wave probe placed parallel to the electric 
lines of force in the guide. This requires a wire 



Fig. 5. 


across the short dimension of the guide which 
necessitates a connection through the sides of the 
guide. In this case the connection would interfere 
with the rotation of the receiving horn. A detail of 
the special coupling is shown in Fig. 6. The loop 
supports the center wire of the coaxial tube and is 
soldered to the plug. This makes a rigid support 
without the use ^ insulating materials. 

The other end of the coaxial tube rotates in a 
slip ring arranged to allow free mechanical move¬ 
ment and yet maintain good electrical contact. 
A quarter**wave choke here would reflect high re¬ 
sistance to the two contacting surfaces and would 
be a demrabie refinement. The coupling to the 


wave guide semi-resonant cavity is usually the fa¬ 
miliar quarter-wave probe inserted through the 
side of the guide. This probe at this end of the 
coaxial tube is supported by a thin filament of 
acetate glue placed at a point of high electrical 
impedance. This movable tubing plug shown in 
Fig. 6 assures the passage of energy from the probe 
toward the crystal detector. The crystal is placed 
slightly off center across the short dimension of the 
wave guide cavity to afford a better impedance 
match of the crystal characteristics to the guide or 
cavity impedance. The systems can be tuned with 
great ease and stability. 

A microammeter or galvanometer attached to 
the crystal was first used to receive the signal. To 
increase sensitivity, however, the amplitude modu¬ 
lation voltage appearing across the crystal was 
amplified and then measured with a vacuum tube 
voltmeter. A Silver Vomax, Model 900, vacuum 
tube voltmeter was used. A circuit of the receiver 
amplifier is shown in Fig. 7. 

HORN ANTENNAS 

The antennas used in this instrument are identi¬ 
cal for receiver and transmitter, and are of standard 
pyramidal form. Other types can be attached to 
the choke flanges whenever a special wave, such as 
a circular polarized one, is desired. 

The pyramidal horns are constructed of copper 
sheeting and are soldered to the flanges. This 
enables the horns to be attached to the standard 
flange of the wave guide. 

The angle of flare in the horizontal plane is 40°. 
This angle was chosen to obtain the greatest 
attenuation of other unwanted modes or planes of 
polarization while gaining the maximum intensity 
of the transverse electrostatic plane of polarization. 
The length of the horns, five wave-lengths or 16 
cm, was chosen for constructional ease. The flare 
in the vertical plane is also 40°. The flare in this 
plane is not absolutely necessary, but was in- 
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corporated to obtain a sharper beam of energy in 
the vertical plane. The angle used was selected for 
the same reasons as the other 40° angle, merely for 
attenuation of unwanted modes and gain for the 
preferred planes of operation. The calculated beam 



width, considering the dimensions used, is approxi¬ 
mately 20°. 

According to theory, tlie area of the opening of 
the horn becomes a phantom array of phased di¬ 
poles : the greater the area, the larger the number of 
phased units. This accounts for the sharp response 
of the horn antenna. 

OPERATION OF THE POLARIMETER 

In operation, the polarizer is clamped to one end 
of a table, while the receiver-analyzer is clamped a 
short distance away, facing the transmitter. Cellu¬ 
loid protractors are fixed to the base of the receiver, 
with the rotating section of wave guide passing 
through its center. A pointer on the rotating part 
indicates the angle of movement of the horn. These 
protractors are marked to 30 minutes of a degree. 

With the correct voltages applied to both trans¬ 
mitter and receiver, the receiver-analyzer horn is 
rotated in small angular steps, and the readings on 
the vacuum tube voltmeter are recorded for graph¬ 
ing on polar coordinate paper for calibration. Then 
the samples are placed between the polarizer and 
analyzer, with the resulting data recorded as above. 

The graphs of the voltage readings are not true 
pictures of the polarization planes or polarization 
characteristics of the received waves, but the fol¬ 
lowing characteristics may be deduced from them: 
If the resulting curves do not reach true nodes at 
two separate 180° settings of the horn, the analyzer 
waves arc probably elliptically polarized. The shape 
of this ellipse may be shown by drawing the nor¬ 
mals to the angular lines representing the voltage 
for that angle. These normals will be tangent to 
the ellipse of the received waves. If the normals do 
not pr^uce an ellipse and the voltages show true 
nulls, the received waves are plane-polarized. The 
plane of polarization is then parallel to a line drawn 
through the nulls. Calibration graph is shown in 
Fig. 8 and will clarify this point. 


It was contemplated to increase the sensitivity 
as well as a continuous recording of the polarization 
properties of the sample by rotating the analyzer 
horn continuously about half a revolution per 
second with a Selsyn motor. This motor can be 
synchronized by applying a circular sweep to an 
oscilloscope with a long persistance screen somewhat 
on the order of a PPl radar system. The plane of 
polarization would then appear instantaneously, 
and any change in the polarization characteristics 
of the received wave could be easily recorded. 

CALIBRATION OF THE INSTRUMENT 

The calibration showed that this instrument is 
accurate enough to read planes of polarization to 
within 3°. This calibration graph is shown in Fig. 8 
and was taken without any obstructing sample be¬ 
tween the polarizer and analyzer. The reference 
zero is determined by allowing the receiver- 
amplifier to operate with the transmitter and 
modulator turned off. The voltage indicated under 
these conditions will be the noise output generated 
in the circuit of the amplifier. In all of the measure¬ 
ments made, this reference zero was 0.8 volt or less. 

This microwave polarizer is intended to be used 
to investigate polarization phenomena of materials 
placed between the transmitter-polarizer and ana¬ 
lyzer-receiver. 

Of interest are investigations of the Faraday, 
effect in the region of microwaves, rotation of 
polarization planes by different dielectric ma¬ 



terials, refractions in connection with polarization 
and rotation, phase relationships, and similar 
phenomena. 

This paper is essentially the content of the thesis 
for partial fulfillment of the requirements for the 


PHOTOMICROGRAPHY OF TRACKS IN 

degree of Master of Science In Physics at the Uni¬ 
versity of Missouri, School of Mines and Metal¬ 
lurgy, Rolla, Missouri. The complete thesis of 
Mr. A. E. Schwaneke is deposited with the library 
of said Institution. 

The microwave polarimeter has been exhibited 
at the student exhibit of the Colloquium of the 
College Physicists, S.U.I., Department of Physics, 
Iowa City, Iowa, June, 1948. 

BIBLIOGRAPHY 

(1) H, E. Hollman, Physik und Technik der Ultrakurzen 

Wellen (Edwards Brothers, Inc., Ann Arbor (A.P.C.), 
1943), Vol. 2. 

(2) E. V. Appelton and J. A. Ratcliff, Proc. Roy. Soc. 

London, 117A, 576 (1928). 

(3) A. L. Green, Proc. I.R.E. 22, 324 (1934). 

(4) W. G. Baker and A. L. Green, Proc. I.R.E. 21, 1103 

(1933). 


NUCLEAR RESEARCH EMULSIONS 341 

(5) John D. Kraus, Electronics 20, 109 (1947). 

(6) Harvard University, Radio ^search Laboratory (Very 

High Frequency Techniques) (McGraw-Hill Book Com¬ 
pany, Inc., New York, 1947), Vol. 1, p. 138. 

(7) A. B. Brownell and R. E, Beam, Theory and Application 

of Microwaves (McGraw-Hill Book Company, Inc., 
New York, 1947). 

(8) King, Mimno, and Wing, Transmission Lines^ Antennas 

and Wave-Guides (McGraw-Hill Book Company, Inc., 
New York, 1945). 

(9) Nathan Marchand, Ultra High Frequency Transmission 

and Radiation (John Wiley & Sons, Inc., New York, 
1947). 

(10) C. G. Montgomery, Technique of Microwave Measure¬ 

ments (McGraw-Hill Book Company, Inc., New York, 
1947). 

(11) S. Ramo and J. R. Whinnery, Field and Waves in Modern 

Radio (John Wiley & Sons, Inc., New York, 1944). 

(12) L. N. Ridenour, Radar System Engineering (McGraw- 

Hill Book Company, Inc., New York, 1947). 

(13) Sperry Gyroscope Company, Microwave Transmission 

Design Data (1944). 


THK REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 20. NUMBER 5 MAY. 1949 

Photomicrography of Tracks in Nuclear Research Emulsions 

Adair Morrison and Fred Morton 
Physics Division, National Research Laboratories, Ottawa, Ontario, Canada 
(Received November 8, 1948) 

A simple projection system and film holder for taking photomicrographs of particle tracks in 
photographic emulsions of the type used for nuclear research is described. With this film holder a 
series of exposures covering a considerable length of the track image is obtained on a single film as 
adjacent segments of track are brought successively into sharp focus and recorded. 


I N reporting experiments in which nuclear dis¬ 
integrations, produced by cosmic rays and by 
fast neutrons, were observed in jihotographic emul¬ 
sions, it was found very difficult to produce good 
photomicrographs of the events. The tracks to be 
photographed were often several hundred microns 
long and they usually slanted through the emulsion. 
With the conventional photomicrographic equip¬ 
ment, a very large number of photographs was re¬ 
quired and on each of these only a short length of 
the track was in focus. The amount of time and 
material required was excessive and the accurate 
alignment and assembly of the short lengths into a 
mosaic was difficult so another method was sought. 
A fairly successful solution of the problem was found 
by using a rather simple projection system and a 
special him holder. 

The projection system consisted of a microscope 
lamp, a shutter, the microscope, a right-angle prism 
with the 45® surface silvered, and a front-surface 
mirror. (See Fig. 1.) The beam of light through the 
microscope, after two reflections, formed an image 
on th« tnble top besido the microscope. An oil 


immersion objective and a low power eyepiece (3 X 
or SX) were used. Either a filament or vacuum-arc 
type of lamp was used. 

The film holder, designed to expose—a few 
millimeters at a time—a strip of film aligned with 



Fig. 1. Projection apparatus consisting of microscope lamp, 
shutter, microscope, right-angle reflection prism, and front- 
surface mirror. Microsco|K and mirror are mounted on a heavy 
metal base. Film holder in place on white circle representing 
illuminated field of view, 
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Fig. 2. Film holder for photo¬ 
micrography of tracks in nuclear 
research emulsions. 
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Fig. 3. Drawing showing con¬ 
struction of film holder. 
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the track, consisted of two pieces of black Bakelite, 
with the film between them, clamped together with 
thumb screws. The upper piece had a rectangular 
opening cut through it directly above the film; this 
opening could be partly or completely closed by two 
white slides traveling just above the surface of the 
film. These traveled in a channel cut into the lower 
face of the upper Bakelite piece from one end to the 
other. The dimensions and details of construction 
are shown in Figs. 2 and 3. 

In the first design the ends of the slides were accu¬ 
rately fitted so that they were light-tight when 
butted together and each was beveled so that it 
would not cast a shadow on the film when used near 
the end of its travel. By moving either slide A or B 
(Fig. 3) a length of film was exposed and the amount 
exposed was determined by the separation of the 
ends. An improvement was made by adding to the 
end of slide B a piece of brass which projected about 
half an inch over slide and by placing a brass 
runner an inch wide in the opening above slide A, 
These then had the function of limiting the length 
of the exposed area, while slide A now acted only as 
a shutter. The runner was held firmly in place by 
the spring pressure of its two vertical portions 
against the walls of the opening. The horizontal 
portion of this brass piece was just above slide At 
but not touching it, and was at the same level as the 
brass piece attached to slide B. 

Ease of loading in the dark was assured by the 
guides attached to the lower piece, by the sym¬ 
metrical placement of the thumbscrews, and by the 
clamping of the film between the surfaces of the two 
pieces so that its exact size and position did not 


matter. Since the device was used in a darkroom, no 
protection was necessary for the edge of the film. 

The loaded film holder, with slide B in its extreme 
withdrawn position, was placed on the table top 
aligned with the track to be photographed. The 
runner and the microscope fine control were ad¬ 
justed so that the sharply focused part of the image 
lay between the runner and the brass piece on slide 
B. With the shutter in the light beam closed the film 
was uncovered by moving slide A till its end was 
under the runner. After making the exposure, slide B 
was moved over till the brass extension reached the 
runner, and slide A was moved back till it again 
touched slide B. This process was repeated along the 
whole length of the film. 

With successive strips of this kind, long tracks 
were conveniently photographed and, from contact 
prints, a mosaic of the track was assembled on a 
large sheet of white cardboard. The completed 
mosaic was photographed to secure final prints of 
the desired size. The film used was ''Kodalith Ortho 
Thin Base Film,*’ chosen because of fine grain, high 
contrast, and availability. 

It was necessary to adjust the lamp and the 
microscope, very carefully so that the whole field of 
the projected image was uniformly illuminated. 

The particular advantages of this,method may be 
summarized as: 

(1) No special phototnicrographic camera is needed, since 
prism and mirror can be obtained cheaply, if not already on 
hand, and the film bolder can be built locally. 

(2) Long tracks, either single or radiating from stars, can 
be quickly photographed on a few films; thus the amount of 
processing and printing is reduced and the construction of a 
mosaic is greatly simplified. 
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A High Temperature X-Ray Diffraction Camera* t 

James W. Edwards, Rudolph Speiser, and Herrick L. Johnston 
The Ohio State University^ ColumbuSy Ohio 
(Received January 3, 1949) 

A hig^h temperature x-ray powder diffraction camera has been designed to yield patterns at tem¬ 
peratures in excess of 2500^K. 'Fhe sample, in form of a wire, compacted rod, or contained (wherever 
suitable) in a thin walled quartz or ceramic tube, is heated indirectly by conduction and radiation in 
a thin walled molybdenum, tantalum, or platinum furnace. The furnace is heated by high frequency 
(0,5 megacycles) eddy currents induced by a small induction coil. The cylindrically shaped furnace 
and the sample are held coaxially in the induction coil and slowly revolved. The specimen temperature 
is maintained constant to drO.2 percent by an especially designed temperature regulator. A water- 
cooled copper jacket with slots covered with metal foil to filter the diffracted x-radiation surrounds 
the furnace and is used to protect the x-ray film from Keat and light. The temperature of the specimen 
is measured with a disappearing filament optical pyrometer at temperatures in excess of 1100*K and 
a platinum, platinum-rhodium thermocouple at lower temperatures. The camera is either operated 
with a high vacuum or with an inert gas atmosphere. 


. INTRODUCTION 

T he camera described in this paper has been 
developed as a part of a research program 
devoted to the study of the thermodynamic and 
physical properties of inorganic solids at elevated 
temperatures. With the aid of induction heating, 
a high temperature powder diffraction camera has 
been designed which will yield x-ray photographs 
at temperatures in excess of 2S00®K. 

Induction heating* was chosen for several reasons: 

1. The very high temperatures readily attain¬ 
able—virtually limited only by the melting 
points of the furnace elements. 

2. The simplicity of camera design possible. 

3. The elimination of ceramic material for the 
support of heating eleqients—thus problems 
of extensive outgassing and thermal shock and 
the use of substances with unfavorably high 
total emissivity are avoided. 

4. The robust construction of the heating ele¬ 
ments possible lead to long life furnaces, 

5. The very rapid attainment of temperature 
equilibrium within the furnace—one minute or 
less—leads to an efficient use of the camera. 

In induction heating, the object to be heated 
(which must be a conductor) is placed in the center 
of a work coil where it is heated by the eddy cur¬ 
rents induced by the r-f current flowing in the work 
coil. Non-conductors can only be heated by radia¬ 
tion and conduction. For this reason and the fact 
that conductors of very small diameter cannot be 

* Thia work was carried out under contract between the 
ONR and Hie Ohio State University Research Foundation. 

t Parts of this paper were given at the Fifth Annual Con¬ 
ference on X-Ray and Electron Diffraction, November 1947, 
and the meeting of the American Physical Society, January 
194«. New York. N. Y, 

J Three high frequency oscillators are used for heating, in 
thie labmtoryt Two General Electric IS kilowatt electronic 
heatere operating at a frequency of 500 kilocycles and one 
W^tiiighoufie 20 kilowatt oscillator operating at a frequency 
ofiSOTdloqyclee, 


effectively heated by low frequency oscillators, the 
furnace of the x-ray camera is designed to heat 
the specimen indirectly. This is accomplished by 
supporting the speiimen to be studied inside a 
chamber made of a refractory conductor (e.g,, 
tungsten, tantalum, molybdenum, graphite, or 
platinum). The chamber (furnace) is then placed 
in a suitable work coil and heated by the induced 
eddy currents. The minimum size of the furnace is 
dictated by the frequency of the power source and 
the maximum size is set by the total allowable 
radiation losses from the surface of the furnace. 
Cylindrical chambers of f" to f" diameter and 1" 
high were found to work well with the equipment 
used in this laboratory. 

The x-ray film is effectively protected from the 
intense heat and light emitted by the furnace by 
the use of a water-cooled copper radiation shield 
which completely surrounds the work coil and 
furnace. The shield is slotted and the slots are 
covered by metal foil transparent to x-rays of the 
desired wave-length. 

Depending upon the nature of the specimen and 
furnace elements, the x-ray camera can either be 
operated at high vacuum or with suitable inert 
gaseous atmospheres. If platinum furnace elements 
are used, the camera can be operated in air up to 
temperatures where the vaporization of platinum 
becomes excessive—about 1500®C. Tantalum fur¬ 
nace elements Ixave been successfully used in high 
vacuum up to 2250®C. Undoubtedly, furnace ele¬ 
ments made of sintered tungsten would increase 
the practical temperature limit of operation several 
hundred degrees. 

At low temperatures (room temperature— 
1500®C), the temperature is measur^ with a 
platinum-platinum 10 percent rhodium thermo¬ 
couple. The thermocouple is shielded to a con¬ 
siderable degree from the r-f-field by the furnace 
elements, their supporting members and the copper 
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Fig, 1. High temperature 
x-ray diffraction camera. 


cooling jacket and is further shielded by shielding 
tape outside the heating zone. A filter network is 
used to eliminate the very small r-f-pick-up that 
does occur. No difficulty has been experienced in 
measuring temperatures accurately in this manner. 

High temperatures—8S0®C and up—are meas¬ 
ured with an optical pyrometer. 

DESCRIPTION OF CAMERA 

A general view of the camera is shown in Fig. 1. 
The specimen in the form of a wire or Compacted 
rod is mounted vertically in tube E (Fig. 2) in the 
center of the lower furnace element, and extends 
upward into the upper furnace element. These 
elements are constructed from 0.010"-tantalum 
sheet, the inside and outside open-ended cylinders 
being drawn in suitable dies. The furnace elements 
are high by f" O.D. and J" I.D. The sample 
holder, E, in the lower cylinder is a tantalum tube 
0.03" I.D. The various parts of the furnace are 
either riveted or welded together. The holra, D, in 
the outer cylinder (4 holes in the upper and 4 in 


the lower furnace elements, 90® apart) are sighted 
upon with the optical pyrometer in making tempera¬ 
ture measurements. The vanes, F, set in at 45® to 
the axis of the holes help to create a "hohlraum.” 
The furnace elements are supported by tantalum 
strips which in turn are fasten^ to small tantalum 
radiation shields. If these shields absorb too much 
of the r-f energy, they are cut by several radial 
slots which minimizes this effect. The open ends of 
the furnace elements are about 2 mm apart in the 
assembled camera; the space between being for 
passage of incident and diffracted x-radiation. The 
furnace is surrounded by a coil (4 or 6 

turns) of A"-copper tubing.* This coil is wound so 
that the turns are essentially horizontal with spac¬ 
ing except for the middle spacing which is f 
The fatter spacing is for passage of x-rays. The 

* The detailed design of the work coil, that is, the coupling 
to the work and the number of turns to be used, depends upon 
the energy input into the work required. An excellent book 
discussing the theory of induction heating is G. H. Brown. 
C. N. Hoyler, and R. A. Bierwirth, Theory and AppUcaUon «f 
Radio-Frequency Beating (D. Van Nostrand Q>Apany, Inc., 
New York City, 1947). 
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furnace is heated by induced eddy currents when 
an r-f-current is passed through the work coil. 

A cylindrical copper cooling jacket (see Fig. 1) 
surrounds the furnace and work coil. This jacket 
is wound with J "-copper tubing through which 
water is passed for cooling. The upper end of the 
cooling jacket is closed with a closely fitting copper 
plate |"-thick. This plate supports the upper fur¬ 
nace element. A monel tube for support of the 
lower part of the furnace passes through the center 
of cooling jacket base plate. A |"-wide horizontal 
slot around the cooling jacket allows diffracted 
x-rays to pass. This slot is covered with metal foil 
(Ni where CuK a-radiation is being used) to pre¬ 
vent heat and light from striking the film as well 
as for filtering the x-radiation. 

The film is held inside a cassette of 11.459 cm 
diameter and the Straumanis arrangement is used. 
The ends of the film fall in the shadow cast by the 
section of the work coil which crosses the specimen 
level. The film is further protected from light by a 
slotted mask which slides into the cassette and is 
held in place by two threaded collars. The slot in 
the mask is covered with metal foil. 

The top of the cassette fits into a shoulder in 
the body cylinder. This joint is made vacuum- 
tight by a "-thick Neoprene gasket which is held 
down with a brass ring. The body cylinder is 
fastened to the base plate in the same way. 

The collimator fits into a hole in the body cylinder 
and passes through holes in the cassette and cooling 
jacket. A copper jacket fastened to the cooling 
jacket surrounds the collimator to prevent it from 
being heated. The hole through the collimator is 
covered with aluminum foil to maintain a vacuum. 

Opposite the collimator are holes through the 
cooling jacket, cassette, and body cylinder through 
which the emergent beam passes and through 
which the furnace can be observed with an optical 
pyrometer through a lead glass window. Inside 
the window is a shutter which is actuated from the 
outside by a small magnet. This shutter is normally 
closed to prevent material evaporated from speci¬ 
men and furnace from condensing on the window 
causing pyrometric readings to be low. The shutter 
can be opened for observations or moved so as to 
interpose a fluorescent screen in the x-ray beam. 

The specimen is rotated by means of a shaft 
passing through a double Wilson* seal in the center 
of the base. The upper end of the shaft terminates 
at a friction joint. A monel tube in the upper part 
of this joint supports the lower furnace element. 
By means of the adjusting arm the upper member 
of the friction joint can be moved laterally to adjust 
for eccentricity of the specimen. The lower furnace 
element and specimen can also be adjusted verti- 

♦R. T. Wa»oii, Rev. Sd. Inst 12, 91 (1941). 


cally by the vertical adjustment lever. All adjust¬ 
ments of the specimen can be made externally 
while the camera is in operation. 

The vacuum system is connected through the 
bottom of the camera. (See Fig. 2.) A Distillation 
Products oil diffusion pump VM2 and a Duoseal 
fore pump are used to maintain the high vacuum. 

TEMPERATURE MEASUREMENT AND CONTROL 

The temperatures in the range 850®C and higher 
are measured with a Leeds and Northrup Model 
8622-C disappearing filament optical pyrometer. 
The pyrometer is sighted through the observation 
window into the "hohlraum,” D (Fig. 2), in the 
furnace elements. The temperatures in the upper 
and lower furnace elements are measured. The 
rotation of the lower furnace element is interrupted 
momentarily to read the temperature in each 
quadrant. These temperatures are then averaged to 
determine the temperature of the specimen. The 
pyrometer used is calibrated every 100 degrees 
between 800®C and 2300*C using a General Electric 
ribbon filament tungsten lamp standardized at 100 
degree intervals by the National Bureau of 
Standards. 
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Fig. 3a. Tantalum-room temperature. Fig. 3b. Tantalum 2000®K* 


Since a small temperature difference exists be¬ 
tween the furnace elements and specimen, the 
temperature scale in the camera is established by 
observing the melting points of small samples of 
metals such as copper, iron, and platinum placed 
at the specimen level. The calibrating substances 
are set in the specimen holder and observed with 
the optical pyrometer at the same time the tem¬ 
perature of the furnace elements is measured. The 
accuracy of the temperature measured in this 
manner is limited by the precision of the pyrometer. 
The precision of the pyrometer is about 0.2 percent 
of the absolute temperature at 2000®K depending 
upon the observer. 

For making diffraction patterns of certain oxides 
in air (in the temperature range room tempera¬ 
ture—1400®C), .platinum heating elements may be 
used. 

These elements are similar to the design shown 
in Fig. 2, except that double furnace walls are 
not used and no holes are drilled in the cylinder 
walls. ^Iso the copper and brass parts are replaced 
by monel. The stem that supports the upper 
furnace element is a hollow monel tube through 
which a platinum, platinum—10 percent rhodium 
thermocouple (wire size B and S No. 36) passes 
into the furnace through the upper element. The 
junction of the thermocouple is to one side and at 
the same level at which the x-ray beam passes 
through the specimen. The thermocouple is placed 
so that it is in the shadow cast by the work coil 
and in line with the position where the x-ray film 
is clasped in the cassette. Thus, no shadow of the 
thermocouple appears on the exposed part of the 
film. The thermocouple leads are brought through 
the bottom of the camera through insulated Stupa- 
koff seals and then over the copper radiation shield 
to the top where they then pass downward through 
the hollow tube that supports the upper furnace 
element, 'Fhe thermocouple and thermocouple leads 
as well as the cold junction of the thermocouple 
are well shielded inside and outside the camera 
against r-f pick-up. The very small amount of r-f 
that is absorbed by the thermocouple is eliminated 
with an r-f filter. A potentiometer of high sensi¬ 
tivity is used to measure the e.m.f. generated by 
the thermocouple. The rotation of the lower furnace 
element is interrupted while making the potential 
measurement. The thermocouple is calibrated 
against melting point standards supplied by the 
National Bureau of Standards, and then cali¬ 


brated again by melting the standards in the 
camera, the melting point standards being placed 
in the specimen holder. The accuracy of the tem¬ 
perature measurement is only limited by the pre¬ 
cision of temperature control. 

- The temperature is controlled either manually 
or automatically to 0.2 percent of the absolute 
temperature at temperatures above 800®C. This is 
accomplished in the case of the General Electric 
oscillator by holding the current in the work coil 
constant with the aid of a variable inductance 
placed in series with the work coil.^ At tempera¬ 
tures less than 800®C the variometer is connected 
as a variable output transformer. In the case of 
the Westinghouse oscillator the temperature can be 
regulated by adjusting the plate voltage. 

FILM SHRINKAGE AND CALIBRATION 

Since the x-ray film shrinks when placed in a 
vacuum it is desirable to preshrink the cut film in 
a vacuum chamber prior to loading into the camera. 
No additional shrinkage has been observed in film 
which has been kept in a vacuum for about 24 
hours; such film remains tight against the cassette 
wall. 

Each film may be calibrated for shrinkage (or 
elongation) after being developed by locating 
centers of symmetrically spaced arcs around in¬ 
cident and emergent beam positions in cases where 
back reflections are obtained. When suitable back 
reflections are not obtained calibration is accom¬ 
plished by measuring distances between shadows 
cast by the mask. 

OTJTGASSING 

In a high vacuum, the furnace occasionally out- 
gasses as the temperature increases, causing the 
pressure suddenly to rise high enough to sustain a 
gaseous discharge. It is then necessary to turn off 
the r-f current in order to prevent arcing. The 
system must be allowed to pump down before the 
power can be applied again. However, arcing within 
the camera usually does no damage since the over¬ 
load relays in the oscillator automatically cut off 
the high voltage to the oscillator tube. Outgassing 
is minimized by frequent removal of evaporated 
metal from the work coil and cooling jacket. 


< R. Speiscr, G. W. Ziegler, Jr., and H. L. Johnston, Rev. 
Sa. Inst, (in press). 
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RESULTS 

Using a four turn work coil and exposures of 
to 2 hours, satisfactory diffraction patterns of 
tantalum and molybdenum have been obtained 
using a tantalum furnace at high vacuum in the 
range of temperature 1500® to 2500®K. Satisfactory 
diffraction patterns of BaTiOa have also been ob¬ 


tained with a platinum furnace operating in air in 
the range of temperature 400® to 1600®K. 

A diffraction pattern of tantalum at 2000®K is 
shown in Fig. 3b. 

Lattice parameters calculated from back re* 
flections can be obtained with an accuracy of 0.02 
percent or better. 
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A Methane Flow Beta-Proportional Counter* 

William Bernstein and Robert Ballentine 
Brookhaven National Laboratory^ Upton^ New York 
(Received January 25, 1949) 

A methane flow beta-proportional counter has been designed to detect the high and low energy 
solid beta-emitter* used in tracer experiments. At present, both and P® are being counted. The 
use of a sintered-glass Gooch crucible, both as a filter and sample holder, greatly simplifies the 
analytical technique involved in such experiments. The instrument is stable and the results are 
reproducible over long time periods. 


C HEMISTS have long accepted the sintered- 
glass Gooch crucible as an adequate tool in 
gravimetric analysis. The desirability of combining 
both the standard analysis for an element with the 
simultaneous determination of a tracer radioactive 
isotope has led to the design of a counter adapted 
to count the sample directly in such a crucible. 
Figures la and lb show the design finally adopted, 


which employs the well-known methane*flow pro¬ 
portional counter principle in an end-on version. 

This technique has a number of desirable prop¬ 
erties. Absence of a window makes it particularly 
useful for tracers with low beta-energy such as 
O* and vS*® (0.15 and 0.16 Mev). It determines high 
energy betas (P** at 1.7 Mev) equally well. The 
low background (8'-10 c.p.m.) facilitates measure- 
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Fig. la. 
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• Rowarch work done at Brookhaven National Laboratory under the auspices of AEC. 
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Fig. lb. 


ments on samples of low specific activity, while the 
coincidence correction factor is negligible even at 
high counting rates (5X10^ c.p*m.). Thus, the 
wide range of both particle energy and sample 
activity accommodated, coupled with the great 
stability of this counter, provides a precision instru¬ 
ment for solid sample counting in gravimetric 
tracer investigations. 

The design adopted (see Figs, la and tb) is a 
cylindrical methane-flow counter. The cathode (1) 
is constructed of brass tubing and is split to facili¬ 
tate the dismantling of the counter if decontamina¬ 
tion is necessary. The center wire (2) is 2-mil 
tungsten with an Aquadag-coated glass bead (3) 
at the end to eliminate sparking and charge ac¬ 
cumulation. The weld is shielded by the Kovar 
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lead-through to cover possible points. The Gooch 
crucible (4), forming the sample holder, and the 
seal (5) to the brass Cover (6), is held in position 
by the crucible support (7) and yoke (8). The 
crucible may be changed by lowering the thumb 
screw, and swinging the yoke to one side. Crucibles 
are selected for constant height to maintain the 
same geometry. A filtration procedure has been 
discussed by J. Sacks.^ 

The electronic components of this instrument 
are slight modifications of the IDL proportional 
counter scaler, Model 162, and the IDL 5000-volt 
power supply. Since there is still a wide distribu¬ 
tion of pulse heights, the input time constant is 



Fig. 3. 


reduced by a factor of ten to prevent overloading 
of the amplifier by large broad pulses. This over¬ 
loading usually results in multiple counting of 
single pulses. This change docs not result in any 
shift in the operating characteristic of the counter, 
since the time constant is longer than the rise time 
of the pulse. Later models will be constructed with 
a cathode follower mounted directly on the counter 
to eliminate the effects of cable capacitance, and 
thereby enable operation at reduced voltages. 

The counter has been in use for several months 
and considerable data has been gathered to date. 


Fig. 2. 


^ J. Sacks, AnalyUcal Cimmisiry {in prsw). 
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Most data at hand is based on the use of P“ betas 
as the source, although solid barium carbonate 
sources have been used. The geometry of the in* 
strument is 35 percent according to measurements 
with a calibrated RaE source by Dr. Benjamin 
Burtt of the Chemistry Department. Figure 2 is a 
plot of counting rate against voltage, showing a 
slope of only about 1.1 percent per hundred volts 
in the operating region. 

The low slope indicates that the counter is operat¬ 
ing in the limited proportional region, counting 
virtually all the beta-particles entering the sensi¬ 
tive volume. Secondly, pulse-height limitation oc¬ 
curs because the more energetic particles expend 
only a small fraction of their energy in the rela¬ 
tively small sensitive volume. All these factors plus 
the renewal of the counting gas account for the 


excellent reproducibility of counts over short and 
long time periods (decay curve of P*®) Fig. 3.® 

The instrument is sensitive to r-f interference, 
and some line filtering must be used. Precautions 
are necessary with the high voltage insulation to 
eliminate leakage counts. These disadvantages of 
the described counter are common in all propor¬ 
tional counter work, and in general, they have 
produced little difficulty in successful operation of 
the instrument. 

The authors wish to acknowledge the interest 
and advice of many of the members of the labora¬ 
tory, and the suggestion of Dr, Vaughan T. Bowen 
and Dr. Jacob Sacks of placing the counter cathode 
within the crucible, 

• The authors are grateful to Dr. J. Sacks for the data which 
is not corrected to any standard reference source. 
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Ionization Flame Detectors' 

Hartwell F. Calcote* 

Frick Chemical Laboratory^ Princeton University, Princeton, New Jersey 
(Received April 23, 1948) 

Two new ionization methods of detecting flames are described for use in the measurement of flame 
speeds. In one the loading characteristics of a high frequency oscillator are utilized by causing the 
flame to pass through an oscillator tank coil. The second method employs the flame conductivity by 
placing two ring electrodes around the exterior of a combustion tul?e, and applying a d.c. voltage 
across them through a large series resistance. The voltage pulse created by either method when the 
flame passes the detector is used to trigger an electronic chronoscope. 

Both methods have the distinct advantage over previous methods of flame detection in that the 
direct nieasua*ment of flame speeds can be made without the introduction of electrodes or wires into 
the combustion tube. The oscillator detector has the additional advantage that the point at which 
the measurement is made can be varied at will. 


INTRODUCTION 

S INCE the publication in 1883 by Mallard and 
Le Chatelier* of the photographic method of 
determining flame velocities in tubes, various 
methods of flame detection for the purpose of 
measuring flame velocities have been developed. In 
some cases these were neceasitated by the low 
luminosity of the flame while others were developed 
as a matter of convenience to avoid the develop¬ 
ment of film. Thus far all such methods require 


^ The work described in this paper was done in connection 
with Contract NOrd 7920 with the United States Naval 
Bureau of Ordnance, as coordinated by the Applied Physics 
Laboratory, The Johns Hopkins University, and with Con¬ 
tract N6-ori-105 with the ONR, U. S. Navy. 

Acknowledgment is also due to Dean Hugh S. Taylor who 
l^sgeneral supervision of this project and to Professor Robert 

* Present address: Experiment Inc., P. 0. Box 1-T, Rith- 
ntond, Virginia, 

• E, Mfiiuard and M. H. Le Chatelier, Annales des Mines 8, 

274 (1885). 


the presence of electrodes or similar pick-up ele¬ 
ments inside the combustion tube, which is unde¬ 
sirable because of the possibility of distorting the 
flow of flame gases and thus altering the flame 
velocity.^ 

In both the “spark method”* (in which a pair of 
electrodes, charged just below the sparking poten¬ 
tial, are discharged by the high degree of ionization 
in the flame gases), and in the “flame conductivity 
method”* (in which the ionization in the flame 
causes an increase in current between two elec¬ 
trodes) it is necessary to have metal probes in the 
tube. In the “method of melting screen wires”® (in 


' ♦L. Khitrin, Tech. Phys. U.S.S.R. 4, 110 (1937); H. F. 
Coward and F. J. Hartwell, J. Chem. Soc. 132, 2676 (1932). 

* W. A. Bone, R. F. Fraser, and D. A. Winter, Proc. Roy. 
Soc. 114, 402 (1927). 

• W. Unwr, Forsch. Grebiete Ingenieurw. 15, 1 (1944). 

^ H. F. Coward and H. P. Greenwald, Bureau of Mines 
Tech. Paper 427 (1928); R. V. Wheeler, J. Chem. Soc. 105. 
2606 (1914). 
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Fig. 1. Oscillator circuit; 7', 955 Acorn tube; Cij Ca, 25 
mmf tuning condensers; Cj, C^, 500 mmf midget mica con¬ 
densers; Lu Three turns No. 12 copper wire, i-mch in di¬ 
ameter and I'inch long; As, Three turns No. 12 copper wire 
wound close spaced around the reaction tube (28 mm IVrex); 
ij, 2.5 mh R. F. choke; Ru 1 megohm resistance; Ra, 0.5 
megohm resistance. The filament and plate voltages were 
obtained from an electronically regulated power supply. 


Table I. Comparison of oscillator and two-ring detectors. 


3.13% N-butane in air 

Peak pulse voltage 


Pressure 
mm Hg 

Oscillator 

detector* 

Two-ring 

detector 

ISO 

9.0 

— 

200 

8.0 

4.S 

300 

8.5 

— 

500 

10. 

4.3 


• Not "motorboating.** 

stopped when a conducting acid entered. Jensen 
and Parrack® used a tuned plate—tuned grid 
oscillator with the tank coil of the oscillator wound 
around a titrating flask. The change in plate cur¬ 
rent due to loading was used as a measure of the 
change in solution conductivity. 


which an electric circuit is broken when the hot 
flame melts a thin wire) it is not only necessary to 
have a thin wire stretched across the inside of the 
tube, but it is also necessary that after each meas¬ 
urement the screen wires be replaced. 

Two novel methods pf flame detection have been 
developed by the author which avoid these diffi¬ 
culties. In both methods the passage of the flame 
through the detector generates an electrical pulse 
which can be used to trigger an electronic chrono- 
scope, or can be used as a time-marker on an os¬ 
cilloscope screen. One detector utilizes the loading 
characteristics of a high freciuency oscillator; the 
other relies upon the small change in impedance 
between two metal rings around the exterior of the 
combustion tube. 

I. THE HIGH FREQUENCY OSCILLATOR AS 
A FLAME DETECTOR 

An increase in ionization of the gas within a coil 
through which a high frequency current is passing 
will cause an increase in the absorption of energy 
from the oscillator, effectively lowering the Q of 
the coil. The coil can be wound around the tube 
through which the flame is propagated, and, in 
addition to avoiding the introduction of probes, the 
coil can be simply moved from one point on the 
tube to another so that measurements ^are not 
confined to one region of the tube. In the measure¬ 
ment of flame speeds two such oscillators are used 
to trigger a chronoscope and then *‘off." 

Similar applications of loading tank coils to 
detect ionization have recently been made in 
electrolytic solutions. Bradhurst® used a Hartley 
oscillator with the tank coil wound around a sector 
of glass tube in a “decant line." Oscillations were 
obtained when oil passed through the coil but 


• J, W. Bradhum, J. Sci. Insu 21, 108 (1944). 


Circuit Considerations 

Since this application of an oscillator depends 
on the loading of the circuit, i.e., on an increase in 
the dissipation of energy in the tank coil, it is 
important that: (1) the normal circuit losses be 
negligible and (2) the circuit be sensitive to any 
change in loading of the tank coil. Both require¬ 
ments demand a high Q circuit.^® In addition, the 
second requirement suggests that the inductance in 
the tank circuit should be large compared to the 
capacity. 

Assuming the same type of argument for losses 
in a conducting flame as for eddy current losses in 
an iron core transformer,the power loss will be 
proportional to the square of the frequency so that 
high frequencies will be required. Yet as the fre¬ 
quency is increased, the effective Q of the coil is 
decreased because of the skin effect so that in 
practice a compromise must be obtained between 
the two effects. 

The above considerations can be fulfilled by 
many types of oscillators. However, in addition to 
changing the efficiency of oscillation, changing the 
equivalent resistance in an LCR circuit will also 
change the frequency of oscillation. Therefore addi¬ 
tional advantage may be taken of the change in 
frequency due to a change in the effective resistance 
of the coil. This can be done by using an oscillator 
with more than one tuned circuit, such as a tuned 
plate-tuned grid oscillator. Greater sensitivity could 
be obtained by placing a crystal in the circuit but 
this was found unnecessary. 


* F. W. Jensen and A. L, Parrack, Ind. Eng. Chem. Anal. 
Ed. 18, S95 a946). 

A high Q means a reduction in time resolving power due 
to the flywheel effect in a tuned circuit. 'Hiere/ore if Q is 
made very high a flame which is in the detector for only a 
short time might give a weak pulse. 

^ Senior e^mpie: A. S. Langsdork, Theory of Ahert$aUni 
Current Machinery (McGraw-Hill Book Company, Inc., New 
York, 1937) p. 246. 
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Description and Operation of Osdllator 

A tuned plate-tuned grid oscillator, Fig. 1, was 
used with the plate tank coil wound close-spaced 
around the reaction tube. In order to obtain the 
maximum L/C ratio no additional capacity was 
placed in parallel with this coil, the stray capacity 
and plate-to-cathode capacity of the tube being 
utilized. The resulting frequency was approximately 
65 megacycles when a 6J5 tube was used and 100 
megacycles with a 955 acorn tube. 

The coil and circuit components were mounted 
together to avoid any unnecessary losses in the lead 
from the coil to the oscillator. The Lucite mounting 
was supported by a steel rod parallel to the Pyrex 
combustion tube, thus permitting the measurement 
of flame speeds over any section of the combustion 
tube by merely moving the coil and oscillator along 
the tube. 

Tuning of the oscillator was achieved by tuning 
Cl for a maximum voltage drop across Ri or a 
minimum current in the plate circuit. Cj, which 
controls the feedback, was then adjusted until the 
circuit went ‘*in’' and “out” of oscillation easily. 

The circuit values are not critical, although 
maximum sensitivity will be obtained when Ri is 
as large as feasible. In order to obtain a high Q for 
the over-all circuit, C\ should be large compared to 
Lu and Ri should be large. The value of Ri is 
usually limited by the fact that when it becomes 
excessively large the time constant of RiCi will 
cause the grid bias to build up until the phenomena 
known as “motorboating” takes place. Although in 
most oscillators this cannot be tolerated, in this 
application “motorboating” at a frequency suffi¬ 
ciently high to be filtered out by the choke coil, Lj, 
is not objectionable. It has, in fact, been found to 
increase the sensitivity considerably. 

With a power supply voltage of 400 volts the 
d.c. voltage at the point “output pulse” was 35 
volts and a pulse of approximately 4 volts peak 
was obtained. When “motorboating” was allowed 



the d.c. voltage was 80 volts, and the pulse voltage 
was approximately 15 volts peak. A few other 
typical results are recorded in Table I. The pulse 
shapes were dependent upon the flame, usually 
having a sharp leading edge with a rather ragged 
decay. 


n. TWO-RING FLAME DETECTOR 

A much simpler system for detecting ionization 
in flames consists of two aluminum foil electrodes 
wrapped around the outside of the Pyrex combus¬ 
tion tube, a large resistance, and a source of d.c. 
voltage. The experimental arrangement is shown in 
Fig. 2. 


Theory of Operation 

The detector does not act due to a change in 
the capacity between the electrodes as one might 
at first assume. An analysis of the circuit shows 
that, if this were so, a decrease in capacity due to 
ion formation would produce a positive pulse. The 
pulse actually obtained is negative as seen on a 
cathode-ray oscilloscope screen and as deduced 
from its ability to trigger the electronic chronoscope 
used. 

The two-ring detector may be assumed to de¬ 
pend for its operation upon the momentary migra¬ 
tion of charged particles (ions and electrons) in the 
electric field between the electrodes. The equiva¬ 
lent electrical circuit would then be as shown in 
Fig. 3. The two condensers are formed by the two 
metal electrodes, M, and the glass surface, 5, inside 
the tube opposite each electrode.^*^ The resistance 
R^ represents the resistance between the two inner 
glass surface “condenser plates.” With no flame in 
the detector, i?' will be determined by the surface 
resistance of the glass and will be very large. The 
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Fig. 3. Equivalent circuit for two-ring detector. 


** Compare the theory of ozonizer action. G. Glockler and 
S, C. Lind, The Electrochemistry of Gases and Other Dielectrics 
Oohn Wiley & Sons, Inc., New York, 1939), p. 35. 
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Table IL 


3*13% n-butanc in air at 200 mm pressure 
E =700 volts = 10 mesohms 


Electrode 

width 

W, cm 

Gap 

space 

G. cm 

Peak pulse 
voltage 

0.7 

0.1 

2.0 

1.9 

0.1 

3.8 

5.6 

0.1 

4.5 

5.6 

0,2 

4.8 

i 5.6 

0.5 

3.3 


Table III. 



3.13% K-butane in air at 200 mm pressure 
R^7 megohms, W «*1.0 cm. G =0.1 cm 

Voltage across detector, E 350 600 700 

Peak pulse voltage * 0.42 1.4 1.5 


presence of ions in the flame will reduce this re¬ 
sistance when the flame passes through the de¬ 
tector, so that a very small current, approximately 
10”® ampere, will flow in the circuit, producing a 
voltage drop of the proper sign across R, 

Characterization of Detector 

A few preliminary observations of the effect of 
varying certain parameters on the size and type of 
pulse obtained from the detector were made. Since 
the pulse was taken from across a 10 megohm re¬ 
sistance, and the input of the C. R. O. used to 
observe the pulse was only 1 megohm, a cathode 
follower was used as an impedance matching device. 

The effect of varying the electrode width and the 
gap space is shown in Table II. The output voltage 
increases with increasing electrode width and de¬ 
creases with increasing gap width, possibly going 
through a maximum. 

The effect of the power supply voltage is demon¬ 
strated in Table HI. An increase in power supply 


voltage causes an increase in the output pulse 
voltage. 

In a «-butane-oxygen mixture at a considerably 
lower pressure the output pulse is much larger 
than in the air mixtures above. A mixture of 15.5 
percent w-butane in oxygen at 42 mm of Hg pres¬ 
sure, with the detector described in Table III 
(£ = 600 volts), gave a voltage pulse of 18 volts. 

The flame speeds in the air mixtures were of 
the order of 60 cm/sec. and the pulse width at the 
base approximately 40X10”* sec.; the pulses came 
to a point and were symmetrical. Several times, 
particularly at higher pressures, two pulses were 
observed. In the oxygen mixture the flame speed 
was approximately 9000 cni/sec. and the electrical 
disturbance was actually a group of very sharp 
pulses over a period of approximately 40X10”* sec. 

Comparison of Detectors 

A comparison of the two-ring flame detector 
with the high frequency oscillator detector is pre¬ 
sented in Table I. Although the two-ring detector 
has the advantage of simplicity, it is less sensitive 
than the oscillator detector and has the disad¬ 
vantage of requiring high voltages which in some 
instances appeared to give a slight vibration to the 
flame. Nevertheless, flame speeds measured by the 
two methods agreed within an experimental error 
of less than 2 percent. 

Other applications readily suggest themselves for 
these devices. For example, they might be used 
as “combustion protection control“^* or the oscil¬ 
lator detector might be used as a quantitative 
measure of gaseous ionization in the range of 10* 
ions/cc^^ and higher. 

” p. A. Campbell, Instruments 18, 868 (1945). 

This is the value most generally given for the ion con¬ 
centration in flames. Sec for example: H. A, Wilson, Rev. 
Mod. Phys. 3, 156 (1931); T. Heumann, Spectrochim. Acta 1, 
293 (1940); H. F. Calcote, Third Combustion Symposium, 
Madison, Wisconsin, Sept. 7, 1948. 
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Experiments in the Possibility of Increasing the'Efficiency of Gamma-Counters* 
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Nohd Institute for PhysicSt Stockholm^ Sweden 
(Received January 3, 1949) 

The efficiency of G-M tubes for recording 7 -quanta is increased by insertion of concentric ring 
systems of metal between the wire and the cylinder. When the ring systems get suitable voltages, 
good plateaus and resolving times are obtained. The efficiency of a counter, which had 3 ring systems 
with 24 rings in each system, was 2.5 times that of a conventional counter of the same size. This 
means an increase of 6 times in 7 — 7 -coincidence measurements. The efficiency of an improved tube 
(see note added in proof) is 3.2 times that of a conventional counter. 


I. PRINCIPLE AND CONSTRUCTION OF THE 
NEW GAMMA-COUNTERS 

A mong earlier attempts to increase the effi¬ 
ciency of 7 -counters may here be mentioned 
only the multi-cellular 7 -counter by Dumond.^ 
With the aim to raise the efficiency, some experi¬ 
ments have been carried out with G-M tubes, where 
a system of concentric rings was introduced (Fig. 1), 
The rings were made in three different sizes Bi, Bn, 
B% (see Table 1), and all rings of the same size were 
held together by three axial rods (drill rod), one of 
which was brought out through the envelope at the 
end of the tube (only one of these rods is drawn in 
Fig. 1, namely that from the rings B% to the elec¬ 
trode Wt). The ring systems were supported by 
mica plates M at the ends of the cylinder C. The 
cylinder C and the rings were made of brass. The 
anode wire was of tungsten and was stretched by a 
spring 5. 

Besides a tube A of common type for comparison 
purposes, which did not contain any ring system, 
there were made three 7 -tubcs B, C, and D of the 
new type, with 12, 22, and 43 rings of each of the 
three sizes. The cylinders C and the glasswalls G 
were exactly equal for all four counters. The tubes 
were filled with 90-mm argon and 10-mm alcohol 
vapor. 

n. VOLTAGES OF THE RING SYSTEMS 

In order to avoid an undesirable deformation of 
the electric field between anode (wire) and cathode 
(cylinder) by introducing the ring systems, these 


should be kept at voltages which correspond to their 
place in the undisturbed electric field between wire 
and cylinder. The voltages, which may be given to 
Bu Bn, and Bs, assuming that the voltage of the 
wire is Va and that of the cylinder 0 , are 

V « F«[log(rc/r)/log(rc/a)], 

if r is the distance of the points considered (the ring) 
from the axis of the cylinders, r® the radius of the 
wire, and fc that of the cylinder. Assuming that 
1000 volt, we obtain for the mean distances 
from the wire given in Table I, the voltages 179, 92, 
and 30 volt for the ring systems Bi, Bs, and Bs re¬ 
spectively. 

It was desirable to make the voltages of the ring 
systems change in the same proportion as the volt¬ 
age of the wire. Therefore the desired voltage for the 
ring systems were taken from a potentiometer ar¬ 
rangement connected to the high tension stabilizer. 

Figure 2 shows the characteristic curves of the 
counter C for different voltages on the ring systems. 
The figures in brackets indicate the volt^es for the 
systems Bi, Bi, and Bz respectively, for the case in 
which the anode voltage is 1000 volt. It is seen that 
the best plateau occurs for values which are in close 
agreement with the theoretical ones. The curve a 
shows that the plateau is very bad when the rings 
are at the same voltage as the cylinder. For the rest 
it is obvious, that a good plateau is attained also for 
voltages, which are only in the vicinity of the ideal 
values. 

HI. COMPARISON BETWEEN THE EFFICIENCIES AND 
RESOLVING TIMES OF THE COUNTERS 


Table I. Diameter of the wire: O.IS mm; dimensions of the 
cylinder: length 88 mm, thickness 1 mm, inside diameter 
25 mm. 


The counters were investigated for three different 
radiations, namely the 7 -radiation from Ra, filtered 


Ring system 

Inside diam. 
mm 

OuUide diam. 
mm 

Mean distance 
from the wire, 
mm 

Bt 

8.00 

12.06 

5.0 

£1 

13.66 

17.72 

7.8 

B» 

19.32 

23.38 

10.7 


* Presented at a conference on ‘‘Problems of Nuclear 
September 14-18,1948, in Birmingham, England. 
0* W. M, Dumond, Rev. Sd. Inst, 18, 627 (1947). 


Table II. 


Axisl diatance 
between the 
Thickness of surfaces of 

Number of rings the rings, adjacent rings. 

Tube in each system mm mm 


B 12 1 6 

C 22 1 3 

D 43 0.5 1.5 
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Fig. 1. The new y-counter. 



Fig. 2. Characteristic curves for the counter C. The figures 
in brackets are the voltages of the ring systems and B%^ 

respectively, when Fo** 1000 volts. 

by 1 -cm Vh {^2 Mev), that from Co*® («»1.2 Mev) 
as well as that from Hg^®* (0.27 Mev). The result 
was that the relative efficiencies for the different 
counters were proportional to 100, 182, 244, and 206 
for the counters A, C, and respectively. 

Thus, the best result was obtained with the 
counter C, which contained 22X3 rings. The fourth 
tube D had almost the double number of rings but 
with half the thickness. Therefore, the absorbing 
matter was equal for C and J9. It will be seen that 
the efficiency for the latter tube is a little lower, 
obviously because a part of the ejected electrons is 
absorbed in an adjacent ring before the ionization in 
the gas has occurred (the order of magnitude for the 
number of ionizations per cm is the same as the 
number of rings per cm).** 

The resolving time for the counters A, 5, and C 
was (6±l)*10-\ (1±0.S)*10-*, and (2±1)-10“* 
sec,, respectively. The measurements confirm the 


** Note added in proof: This interpretation was confirmed by 
the following experiment. The tube D was filled with 190-mra 
argon and 10-mm alcohol (c.g. the pressure doubled). Further¬ 
more, in order to prevent the necessary anode voltage from 
increasing due to higher pressure*the central wire was replaced 
by one of O.OS-mm diameter. The relative efficiency of the 
counter was by that increased from 206 to 320, or 3.2 times 
that of a conventional counter of the same size (this means 
an increase of 10 limes in ^^-coincidence measurements). 
Experiments with improved counters will be continued. 


observations of other authors* that the insertion of a 
grid increases the resolving power of a counter. 

IV. THE EFnCIENCY AS A FUNCTION OF THE BIEBC* 
TION OF THE INCIDENT GAMMA-RADIATION 

The efficiency of the counters was investigated for 
different angles ^ of incidence between the 7 - 
radiation and the '^equatorial plane" of the counter. 
The source was a Ra sample at a distance of 120 cm 
from the counter. Figure 3 shows diagrammatically 
the result. The number of counts measured with the 
tubes A, B, and C are here plotted as a function 
(radius vector) of the angle <p. Two results of interest 
are to be noted: (a) the efficiency for the tubes B 
and C is highest at an angle of incidence 10 ®- 20 ®; 
(b) the efficiency is diminished only slightly when 


^ 80 - 



Fic. 3. The measured intensity (radius vector) of the 7 - 
radiation as a function of the angle (v>) of incidence for the 
tubes A, B, and C. 

ip goes to 90®. In this position, however, the tube 
will be seen under the smallest space angle from the 
sample. Hence, the efficiency per space angle is 
highest for v?*=90®. This is important by absorption 
measurements, where a canalized beam is uskl to 
reach a right angle traversing of the 7 -quanta 
through the absorbers. 

A more complete description of these experiments 
appears in Arkiv f. Mat. Astr. o. Fys.* 

•W. F. Libby and D. D. Lee, Phys. Rev. S5, 245 (1939); 
S. A. Korff and W. E. Ramsey, Rev. Sci. Inst. 11 , 267 (1940). 
Compare also S. A. Korff, Electron and Nuclear Counters (D. 
Van Nostrand Company, Inc., New York, 1946), p. 88 . 

»H. Slatis, Arkiv f. Mat Astr. o. Fys. 36A, No, 17 (1948). 
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(Received January 25, 1949) 

A description is given of a low angle x-ray diffraction camera which incorporates both high resolu¬ 
tion and facility in adjustment and alignment of components. A diffraction pattern of the Tow angle 
pattern of collagen photographed with this instrument is compared with a similar pattern photo¬ 
graphed with commercially available equipment. 


INTRODUCTION 

T he x-ray diffraction studies of collagen which 
are being conducted in this laboratory have 
imposed rigorous instrumental requirements which 
are not satisfied by the available commercial equip¬ 
ment. The lack of adequate commmercial low angle 
diffraction equipment has prompted workers in 
this field to design x-ray diffraction cameras which 
would be suitable for the examination of collagen. 
Low angle cameras for this application have been 
developed by Corey and Wyckoff^ and by Bear.* 
The double crystal spectrometer was first used 
in the study of low angle scattering by Fankuchen 
and Jellinek* and has recently been applied by 
Kaesberg^ Ritland, and Beeman^ to a direct in¬ 
tensity determination of the low angle diffraction 
pattern of collagen, thus eliminating the difficulties 
encountered in photographic intensity measure¬ 
ments. 

It would appear that the photographic method 
will continue to have application in exploratory 
work and in the study of materials which require 
the recording of diffraction orders of very low in¬ 
tensity. 

It was found that a satisfactory low angle dif¬ 
fraction camera should incorporate the following 
features: 

(1) Sufficient refinements to permit the recording of re¬ 
flections from molecular spacings as great as 1200A. 

(2) Resolution of 3 lines per millimeter at 300 millimeters, 

(3) Adjustable slit-widths. 

(4) A minimum of scattered radiation. 

(5) Sample holder in which the material may be maintained 
at controlled temperature and humidity. 

(6) Facility in alignment of components. 


at the optimum conditions for the particular ma¬ 
terial under investigation, P'or this purpose, Gaert- 
ner bilateral slit mechanisms were employed. Two 
of the slits were used to collimate the beam. These 
were mounted separately on stands of adjustable 
height. In order to minimize the scattered radia¬ 
tion, special lead jaws were required which were 
flat and parallel to a tolerance of 0.01 mm and 
tapered to an edge thickness of 0.1 mm, A third 
slit of similar construction was also used to reduce 
scatter. This was attached rigidly to a chamber in 
which the sample was to be located. This last unit 
was mounted on a separate adjustable stand. 

Around the cylindrical sample chamber there was 
wound a heating coil which operated through a 
variac. A layer of asbestos paper three-sixteenths 
of an inch thick was used as insulation for the 
camera. Within a quarter of an inch of the sample 
there was located a copper-constantan thermo¬ 
couple which was connected to a Leeds and North¬ 
rop Portable Precision Potentiometer. It was pos¬ 
sible to control the temperature of the sample to 
within 2®F in the range from 75 ®F to 200®F. Any 
desired humidity could be maintained within the 
chamber by introducing air of controlled water 
vapor content. The air leaving the chamber was 
passed through a Foxboro Humidity Recorder, 
With this equipment it has been possible to run a 
sixty-hour exposure with less than ten percent 
variation in the relative humidity of the air in the 
sample chamber. 

The sample holder consisted of a pair of parallel 
jaws of variable separation. These jaws could be 
translated vertically and rotated as much as 60® 


DESCRIPTION 

It was desirable to use slits of adjustable width 
and separation to permit operation of the camera 

•Present address; Dr. Peter A. Cole, National Militory 
Establishment, Research and Development Board, Washing¬ 
ton 25, D. C. 

^R. B. Corey and Ralph W. G. Wyckoff, J. Biol. Chera. 
Il4i407 (1936). . . V 

* R. S. W J. Am. Chem. Soc. 66, 1297 (19U). 

•I. Fanku^cn and M. H. Jellinek, Phys. Rev. 67, 201 
(1945). 

* i&esbeigf Ritland, and Beeman, Phys. Rev. 74, 71 (1948), 
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Fig. 1. Improved low angle x-ray diffraction camera. 
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Fig. 2. Collagen diffraction pattern photographed with 
commercially available low angle camera. 

in the plane perpendicular to the beam. This 
mechanism provided ease and accuracy in sample 
alignment. The x-ray beam passed through double 
mica windows 0,001" thick separated by a dead air 
space. These windows made the chamber air tight 
and minimized x-ray absorption and scatter which 
would be caused by the condensation of water at 
high humidity. This construction would also per¬ 
mit the evacuation of the sample chamber or its 
operation at elevated pressures. 

A fourth stand supported a film holder with a 
beam stop, adjustable both in height and rotation. 
All stands were mounted* on a rigid rail one meter 
long. The entire assembly was attached to the 
diffraction unit as shown in Fig. 1. The tube which 
separated the collimating slits contained limiting 
diaphragms to reduce scatter occurring between 
these slits. 

DISCUSSION 

Figures 2 and 3 are comparable low angle x-ray 
diffraction patterns of collagen from kangaroo tail 
tendon. Both patterns were photographed with 
copper ifa-radiation, with a distance of 30 cm be¬ 
tween the specimen and the photographic^film, and 
with a separation of 30 cm between the collimating 



Fig. 3. Collagen diffraction pattern photographed with 
improved low angle camera. 

slits. For both photographs, the specimens were 
maintained at 100®F and 40 percent relative hu¬ 
midity. As calculated from the films, the funda¬ 
mental spacings of both patterns was 627A. 

The pattern of Fig. 2 was photographed with a 
commercially available low angle camera employ¬ 
ing silver slits of 0.3-mm opening; that of Fig. 2 
was photographed with the improved diffraction 
camera described above with the slits adjusted to a 
width of 0.15 mm. In Fig. 3 it is apparent that the 
first order has been resolved from the main beam, 
and that all orders are more sharply resolved than 
in Fig. 2. The effort required for aligning the instru¬ 
ment has been reduced from three hours* work and 
three six-hour exposures, to ten minutes’ work and 
one six-hour exposure. 

In the results of Kaesberg and his associates, 
the ratio of peak separation to peak width is greater 
than 10:1. This ratio indicates that the collagen 
periodicity is much more regulau* than has been 
previously supposed from published photographs 
of collagen diffraction patterns. Figure 3, taken 
with the new camera described above, provides 
photographic evidence which begins to approach, 
in resolving power, the measurements made with 
the double crystal spectrometer. 
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A Simple Calorimeter for the Simultaneous Determination of Heat Loss 
and Heat Production in Animals* 

Lawrence R. Prouty, Martha J, Barrett, James D. Hardy 
Department of Physiology^ Corndl University Medical College^ New York, New York 
(Received October 18, 1948) 

This paper describes a new type of gradient calorimeter which permits the rapid simultaneous 
measurement of respiratory metabolism and heat loss. It uses the temperature difference between the 
inner and outer aspect of a fixed transitional layer t>£ air rather than adiabatic principles. (W. O. 
Atwater and F. G. Benedict, respiration calorimeter with appliances for the direct determination 
of oxygen,” Publication 42, Caniegie Institute of Washington (1905); G. Lusk, Arch. Int. Med. 15, 
793 (1915); E. F. DuBois, Basal Metabolism in Health and Disease (Lea and Febiger, Philadelphia, 
1936), third edition; Forester, h'erris, and Day, Am. J. Physio!. 146, 600 (1946); L. Love and H. C. 
Bazett, Fed. Proc. 7, 74 (1948); C. P. Yaglou, “Thermal insulation of clothing,” unpublished data; 
T. Benzingcr, personal communication.) Application of gradient principles to calorimetry so simplifies 
heat loss determinations that they become the easiest and most accurate part of the procedure. 


DESCRIPTION OF CALORIMETER be calculated by the usual methods of indirect 

Measurement of Heat Production calorimetry. 


T he apparatus used for metabolic studies is 
shown in Fig. 1. Outdoor air is drawn into 
the system through bottles {A and B) containing 
soda lime and sulfuric acid for the removal of 
carbon dioxide and water vapor, respectively, and 
then, into the respiration chamber through the air 
inlet (C). The calorimeter proper is composed of 
two concentric sheet copper (0.02-inch thick) 
cylinders {D and £). The animal is placed in a 
covered wire cage which is thermally insulated from 
the inner cylinder. The cage rests upon a pan con¬ 
taining a small quantity of mineral oil for the col¬ 
lection of excreta. The calorimeter sets upon rubber 
insulators on an activity platform for recording 
animal movements. As the air passes from the 
calorimeter through the outlet (if), aliquot samples 
are taken for the determination of respiratory 
metabolism, by means of a Barker gas sampling 
device.^ Samples thus received into a master cylin¬ 
der are tranrferred to a second sampler which can 
be attached directly to the Carpenter gas analysis 
apparatus,*’• for the quantitative estimation of 
carbon dioxide and oxygen. Heat production can 

* This research was supported in part by funds from ONR. 
* S. B. Barker and E. Snwth, ”A mechanical pump for the 
^wh^(Of |a8 samples,” Proc. Soc. Exper. Biol, and Med. 

• Carpenter, Fox, and Sereque, “The Carpenter form of the 
Haldane gas analysis,” J. Bim. Chem. 83, 211 (1929). ' ^ 

*T. M, Carpenter, “An apparatus for the exact analysis 
trf air in metabolism investigations with respiratory exchange 
chambers;* J. Metab. Res. 4, 1 (1923). 


Measurement of Heat Loss 

An animal placed inside the inner copper cylinder 
of the calorimeter will lose its heat by radiation 
and convection to this cylinder. The heat loss by 
evaporation was measured by collecting and weigh¬ 
ing the moisture given off by the animal. The heat 
loss due to radiation, conduction, and convection 
is for the most part absorbed by the copper wall 
of the inner cylinder. There is, however, a small 
amount of heat which is carried out by the air 
stream and for which correction must be made. As 
the inner cylinder is always warmer than the 
outer cylinder, there will be a transfer of heat be¬ 
tween them, and the rate of exchange will be 
directly proportional to the temperature difference 
between the two cylinders. That is, 

( 1 ) 

where Q^R+C+D, iC“the heat flow constant, 
TI temperature of the inner cylinder, =tempera¬ 
ture of the outer cylinder. Providing the conditions 
between the two cylinder walls remain fixed, K ia a 
constant and can be determined experimentally by 
measuring the other factors in Eq. (1). it, the heat 
flow constant, thus depends upon the construction 
of the calorimeter, and it is essential, having once 
calibrated the instrument, to allow no alteration of 
conditions between the calorimeter walls. Changes 
in position of the animal inside the calorimeter 
have no effect on as it is affected only by changes 
between the calorimeter walls. The use of the outer 
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cylinder makes it unnecessar^y to have 
a constant temperature room such as was required 
for the calorimeter described by Day and Hardy.^ 
The calorimeter is shown in more detail in Fig. 2. 
The two concentric copper shells (A and B) are 
separated by an air layer one centimeter in width, 
this separation being rigidly maintained by small 
rubber insulators. The inner chamber contains a 
wire cage, fourteen centimeters in height and 
twenty-two centimeters in diameter, which will 
accommodate a full-sized cat. Thermocouples, (D 
and E) placed in the air inlet and outlet, give the 
temperature of the air as it enters and leaves the 
chamber. The top of the inner shell (//) is machined 
to fit tightly and is made air-tight by a seal of 
stopcock grease. The top of the outer shell (/) need 
not be air-tight as long as there is no appreciable 
circulation of air between the walls from outside 
sources. 

An electric fan in fixed position is turned directly 
on the calorimeter. This assists in maintaining the 
outer shell at room temi)erature and eliminates the 


thermal effects of experimenters moving in the 
neighborhood of the calorimeter. The outer cylinder 
together with the electric fan thus acts as a heat 
absorber of large capacity insofar as the movement 
of heat from the inner wall is concerned. Thermo¬ 
couples connected in parallel are attached to the 
surfaces of the inner and outer copper cylinder. 
These sets of thermocouples can be balanced one 
against the other to determine temperature differ¬ 
ence between the calorimeter walls as shown in 
Fig, 3. The thermocouples for the inner shell are 
also arranged to be balanced against a reference 
standard in order to determine the actual tempera¬ 
ture of this inner shell. This is important in making 
corrections for the heat capacity of the calorimeter. 
Thermocouples for determining body and skin 
temperature of the animal are admitted through a 
latex seal situated just below the air outlet (/, Fig. 1). 

Electrical Circuit 

Figure 3 shows a diagram of the potentiometric 
circuit used. All temperatures are taken with 



Fig. 1, Small 
shell: E —inner 


* calorimeter circuit. w4”-soda lime bottle; i?—H 1 SO 4 bottle; C—thermocouple in air inlet: outer 

G—fulcrum; thermocouple in air exit; /"—animal inner and outer shell thermo- 

couple leads, respectively; / -rubber insulators;, K —acttvitv platform; L —rubber tubina; Af —coil spring: JV —tambour for 
pneumograp hic activity recorder; 0—H»SO. bottle; -P—air flow meter. 8 , «—con spring, tv tamoour lor 


108 ^( 194 /).*"'* calorimeter for measuring the heat loss of premature infants," Am, J. Dis. Child. M. 
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copper^conatantan (size No, 28 wire) thermo¬ 
couples connected as shown, the solid lines repre¬ 
senting copper and the broken lines constantan 
leads. The minimum requirements for the circuit 
are a sensitive galvanometer, a dependable slide 
wire, and a standard cell or meter to insure a 
constant, known current input. A inilliammeter*’^ 
is used in this case and is more useful than a stand¬ 
ard cell because the current input could be altered 
as desired. 

CALIBRATION PROCEOURES 
Electric Checks 

The heat flow constant, K, is determined by 
introducing a known amount of heat into the 
calorimeter and, following establishment of thermal 
ecjuilibrium, measuring the temperature gradient 
between the walls, over the range of heat loss 
value expected during animal experimentation. A 
ten-watt electric bulb is used as a source of heat, 
with suitable provisions for shielding, as described 
by Day and Hardy.^ The shielding provides more 
equal distribution of heat in the calorimeter and 
thereby simulates more closely the situation ap¬ 
plicable to an experimental animal. A carefully 
standardized ammeter and voltmeter are used to 
measure the heat input. No air wiis circulated 
through the calorimeter during the electric checks. 

At equilibrium for an electric check we have 

H^KX(Ti-7\), ( 2 ) 

where //*= 0.432 X voltsXamperes (kg cal./J hr.), 
iC=*heat flow constant, Ti and Ta-temperature of 
inner and outer walls, res[>eclively. The experi¬ 
mental periods are one-half hour in length as the 
thermal response time of the lamp and calorimeter 
system is such that sixty-six percent of thermal 
equilibrium is obtained in approximately that time. 
The heat input for this series of electric checks 
varied from 1.2 to 2.3 kg cal. per half-hour. The 
temperatures of the inner and outer shells are 
taken at ten-minute intervals and the average 
gradient during a half-hour period computed. In 
order to eliminate the factor of heat storage in the 
calorimeter, only those periods during which the 
system is near equilibrium are used to calculate 
the heat flow constant. Heat input is plotted as a 
function of the temperature gradient between the 
inner and outer shells, and is expressed in drum 
divisions (Fig. 4). The relationship is linear, and 
the heat flow constant, measured by the slope of 
the line, is equal to 0,0181 ±0.004 kg cal, per drum 
division for a half-hour period. 

The value of K is independent of the environ¬ 
mental temperature and the rate of heat loss. It is 

••Weston, Model No. 62. 



Fig. 2. Cutaway view of small animal calorimeter. A —outer 
shell; B —inner shell; C-^wire cage; D—ingoing air thermo¬ 
couple lead; E —outgoing air thermocouples; F —oil pan; 
G —thermocouple leads emerging from latex seal; H —inner 
top; I —outer top. 

dependent, however, on the physical situation of 
the calorimeter relative to its surroundings. Should 
the position of the calorimeter be changed, par¬ 
ticularly with respect to the electric fan, it is neces¬ 
sary to redetermine the constant. The value of K 
will also shift if the arrangement of thermocouples 
on the walls of the cylinders is altered. Physical 
changes made within the inner shell will not affect 
the heat flow constant, but will alter its heat 
capacity. 

The time required for the inner and outer shells 
to adjust to thermal equilibrium is fifty minutes. 
Figure 5 shows the temperature changes in the 
inner and outer shells as well as the changes in 
thermal gradient and room temperature. It will be 
noticed that the thermal gradient becomes level 
fifty minutes after the heat is turned on, although 
the temf>eratures of the inner and outer shells con¬ 
tinue to rise due to increase in room temperature. 
Forty minutes after the heat was turned on, the 
room temperature dropped from 23.3 to 22.8®C, 
and this produced a change in the temperature of 
the inner and outer shells as indicated. The effect 
upon the gradient (lower curve, Fig. 5) is less 
marked, although it will be seen that errors will be 
introduced into the measurements of heat loss if 
rapid changes in room temperature occur during 
an experimental period. Thus, although, as stated 
above, a constant temperature room is not required 
for this calorimeter, it is important that rapid 
changes in room temperature be avoided. To the 
right in Fig. 5 are shown the results of an experi¬ 
ment in which the effects of room temperature 
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Fig. 3. Electrical circuit diagram. Thermo-junctions on right, potentiometric circuit on left. 


changes are pronounced. The heat input during 
this experiment was maintained at a constant level, 
and just before the end of the experiment, the room 
temperature rose 1.6®C in twenty minutes. As this 
produced a more rapid change in the temperature 
of the outer shell than of the inner shell, there was 
an apparent fall in the thermal gradient, indicating 
a decrease in heat input which did not occur. 

Determination of Heat Capacity of Calorimeter 

When equilibrium conditions are not present, a 
correction must be made for the heat which is 
stored in the walls of the calorimeter. The heat 
given off by a source within the calorimeter then 
becomes: 

n^KiTi^T2)±S, (3) . 

where S represents kilogram calories stored, and 
may be positive if the calorimeter is retaining heat, 
or negative if losing heat. Both the inner and outer 
walls may theoretically contribute to this storage 
factor. In practice, however, it has been found 
that since the outer shell follows the room tempera¬ 
ture so closely, it stores very little heat which is 
attributable to the source within the calorimeter. 


The heat storage in the outer wall has been calcu¬ 
lated in a large series of experiments, and in every 
case has been found to represent less than one per¬ 
cent of the total heat loss. Thus, the total storage 
may be considered as being derived from heat 
gained or lost by the inner wall. 

The thermal capacity of the calorimeter and its 
contents was estimated from the sum of the weights 
and specific heat of the copper, rubber, and glass 
of which the calorimeter and calibrating equipment 
were constructed. It can also be measured from 
experiments in which the temperature of the calor¬ 
imeter is allowed to change. The equation for heat 
loss by the calibrating lamp for such test periods is 

II^K{Ti^T,) + CiT,^n). (4) 

In this equation the last term represents the heat 
stored, 5, the thermal capacity of the calorimeter 
being C and Tt are the temperatures of the 
inner and outer shell at the end and beginning of 
an experimental period, respectively. As pointed 
out above, K is determined for experimental pe¬ 
riods during which there is thermal equilibrium 
and thus, the stor^e term is zero. Therefore, K 
can be used in Eq. (4) to determine the value of C. 
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The averse value for C as determined for twelve half-hour periods. The average deviation from the 
experimental periods is 0.39, =fc0.02 kg cal. per theoretical heat production is+1*7 percent for the 
degree, a value which agrees with the one estimated measurement of heat loss and -0.1 percent for 
on the basis of the weights and specific heats of the heat produced. Close agreement between indirect 
component parts. direct calorimetry indicates that all constants 

Alcohol Checks accurately determined. 


The equation for the heat loss from the alcohol 
lamp is 

+3.1XlO"^TX(ro-r,)+0.584w, (5) 

in which the symbols have the same meaning as 
in Eq. (4) except foj: V, which is the volume of air 
passing through the calorimeter during an experi¬ 
mental period, and w, which is the water collected 
in the sulfuric acid bottles. The last two terms of 
Eq. (5) represent the heat carried out of the calor¬ 
imeter by the stream of ventilating air and the 
heat due to water vapor, respectively. Analyses of 
gas samples are the most tedious part of the ex¬ 
perimental routine and are usually deferred until 
the day following the experiment or other conveni¬ 
ent time, as the cylinders containing gas samples 
may be stored for several days without change or 
danger of contamination. 

Table I contains the values obtained from six 
experiments, each experiment consisting of three 


Operation of the Calorimeter 

In the experimental routine a fasted animal 
which has been shaved several days prior, is 
brought to the laboratory about an hour before 
being put into the calorimeter. Thermocouples are 
placed on several parts of the body and in the rec¬ 
tum. The animal is weighed and placed in the cage 
inside the respiration chamber. The top is placed 
on the calorimeter, the air flow is started, and the 
first observation period is begun, not sooner than 
thirty minutes later. At this time the calorimeter 
begins to approach equilibrium and the experiment 
is begun. The calculations in a sample observation 
follow: 

February 19, 1948—Oit fa.sted eighteen hours, weight— 

1750 g. 

A. Average temperature during half-hour period 

1. Calorimeter 30,18®C 

2. Rectal 38.57X 

3. Skin (average) 37.42®C 


DIVISIONS 



KO CAL. 

Fm* 4, Plot of heat input to calorimeter in electric dieck in kilogram calories per half-hour against slide wire drum 
divisions (to convert multiply by 0,026) to obtain the heat flow constant, K, 
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Fig. S. Inner shell and outer shell temperatures and thermal gradient for two experiments. A. Thermal response of the 
calorimeter, heat source turned on at time ?ero. B. Thermal gradient changes for an experiment during which an abrupt change 
in room temperature of 1.60®C occurred in 20 minutes. 


B. Room temperature 

1. Beginning of period 27.68®C 

2. End of period 27.90°C 

3. Change during period +0.22°C 

C. Heat loss 

1. To thermal gradient 

^ 0.69S8***(30.20*»C - 28.04‘’C) 

« 1.503 Calories 

2. To calorimeter storage 

Storage «thermal capacity of calorimeter (T,— T^). 
5-0.4(30.36-30.00)«0.144 

Table I. Summary of alcohol checks. Direct and indirect 
calorimetry values are compared with the theoretical value 
obtained from amount of alcohol burned. 


Direct calorimetry Indirect calorimetry Theor. 
Date R.Q. Cal./hour pergent Cal./hour percent Cal./hour 


11/14/47 0,657 

4.26 

+ 1.4 

4.36 

+3.8 

4.20 

12/3/47 0.671 

9.46 

+ 1.2 

9.20 

-1.7 

9.36 

12/8/47 0.666 

8.94 

+0.7 

8.78 

-1.2 

8.88 

12/11/47 0.665 

9.40 

+5.6 

8.76 

-1.5 

8.90 

12/16/47 0.658 

10.04 

-0.1 

10.06 

0.0 

10.06 

12/29/47 0.659 

11.68 

+ 1.3 

11.52 

0.0 

11.52 

Average 0.663 

— 

+ 1.7 


-0.1 


**• K here has a value for use with shell temperatures in ®C 


3. To circulating air 

A - AT.irXspecific heat air X0.026Xliters 
«119.8X3.I X10-^X0.026X64.1 --0.062 Calories 

4. To vaporization 

L« latent heat of vaporization at skin tempera¬ 
ture of cat plus heat of expansion and cooling 
to calorimeter humidity and temperature, 
weight of water evaporated 
H,-0.612X0.677-0.474 Calories 

5. To animal heat storage 

specific heatXweightXATwiiiiuii 
*0.83x1.75X0.07-0.JO Calories 
Total metabolism as determined by direct heat method 

Jf-1.5034-0.1444-0.0624-0,414+0.10*^22 Calories } hr. 

D. Heat production 

Total metabolism as determined by indirect heat method 
+2.20 Calories ) hr. 


SUMMARY 

A simple heat flow or “gradient type’* calorimeter 
is described, based upon the principle that heat 
loss by a body contained within two concentric 
thermdly conductive cylinders insulated from one 
anotheTi will be proportional to the temperature 
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gradient between the cylinders. An instrument 
large enough to contain a full-sized cat, used in 
connection with the gas sampling apparatus de¬ 
scribed by Barker, was constructed and tested. 
The calorimeter may be used with any other satis¬ 
factory method of measuring the respiratory 
quotient. 

Electric and alcohol checks were carried out for 
half-hour periods. The precision of the calorimeter 
is =fc2 percent for an individual period under 
favorable conditions. 

Complete procedure for obtaining heat loss and 


heat production is described, together with sample 
calculation for an animal experiment. 

The advantages of the calorimeter are: (1) Ade¬ 
quate precision is obtained with inexpensive con¬ 
struction and simple measuring equipment. (2) Ra¬ 
pidity of response permits short experimental 
periods. (3) Simplicity of operation permits one 
observer to carry through the complete procedure. 
(4) It is flexible in application, particularly with 
regard to study of heat loss and heat production 
at different environmental temperatures for ani¬ 
mals of any size. 



tHE REVIEW OF SCIENTIFIC INSTRUMENTS 

Laboratory and Shop Notes 


A New Vacuum Gauge 

CAKtTON F. Johnson 

Ordnanct Research Laboratory, Pennsylvania Stale College, 

State College, Pennsylvania 
March 8, 1949 

O bservations have been made in this laboratory on 
the variation of the motional impedance of a magneto- 
strictive transducer with air pressure on the face of the 
transducer. 

As is genera!ly known^ both the resistive and reactive com¬ 
ponents of a transducer’s impedance vary rapidly near the 
resonant frequency, and often represent a considerable de¬ 
parture from the off resonance, or clamped impedance. If a 
transducer is series tuned, its impedance at resonance is 
essentially resistive. The value of its radiation resistance at 
resonance is a function of the mass density and the velocity 
of sound of Uie medium into which the transducer is radiating. 
Thus, the electrical impedance of a transducer radiating into 
air should vary with the air pressure. Measurements made in 
this laboratory on a scroll type magnetostrictive transducer 
operated at approximately 63.1 kilocycles indicate that this 
is so, and the change in voltage across the transducer windings 
(a measure of its electrical impedance) appears to be linear 
with changes in pressure from atmospheric pressure to a 
pressure of a few millimeters of mercury. 

The transducer and its series tuning capxacitance are made 
one arm of a resistance bridge as shown in Fig. 1 so that when 
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the bridge is balanced, only the change in voltage across the 
tuned circuit is measured. In the present case, when the 
bridge is fed at a level of about 2.5 volts r.m.s., the bridge can 
be balanced, at atmospheric pressure, to about 10 millivolts, 
and at a pressure of less than 10 millimeters of mercury the 
maximum bridge unbalance amounts to about 80 millivolts. 
When a pressure of about 1 millimeter of mercury is reached, 
the bridge unbalance decreases by about 10 millivolts as 
shown in Fig. 2 to the limit of the roughing pump used. The 
cause of this reversal is not explained, since accurate estima¬ 
tion of the ultimate degree of vacuupi attained has not yet 
been attempted. 

The transducer used was originally designed to work in 
water, hence a considerably greater effect might be measured 
with one designed to work in air, i.e., one which would be more 
loaded by air than is the present one. Lower frequency trans¬ 
ducers could also probably be used more advantageously, 
provided that the frequencies chosen were high enough to 
avoid standing wave effects from reflections of the sound in 
the vacuum system. However, the standing wave effect 
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Fig. 2. 


would probably be negligible at low pressures. One advantage 
of the present transducer is that no standing wave effects are 
apparent in air owing to the relatively small amount of power 
radiated into the air at the frequency used. 

It is proposed that with suitable design features a transducer 
could be used as a vacuum gauge of fundamental nature. 

* A. B, Wood, A Textbook of Sound (G. Bell & Sons, Ltd., London, 1944), 
pp. 72 et seq. 


A Simple Electronic Relay 

Robert U. Linnell* and Helmut M. Hakndler 
Department of Chemistry, University of Nnv Hampshire, 

Durham, New Hampshire 
August 30, 1948 

A n electronic relay has been constructed using a thyraton 
tube, the load being placed in the anode circuit. Control 
of the tube was achieved by applying the filament voltage to 
the grid 180** out of phase with the anode voltage. 

Figure 1 shows the schematic diagram. It is important to 
note that there is an internal connection in the tube between 
the heater and cathode (pins 2-4). There will be an a.c. 
potential difference between heater pin 1 and cathode pin 2, 
but not between heater pin 4 and cathode pin 2; if this poten¬ 
tial is sufficiently large and of proper phase it can be used to 
control the tube’s firing. When the anode of the tube swings 



Fig. 1. Kt 2.7 megohm, i watt, R% 330 kohm, i watt, 5t fllament switch 
5« ano^ switch, X transformer, S v,a.c. Sa. T General Electric GL-35$9/ 
FG$7 H beaters. 
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positive, the jfrid must swing sufficiently negative to prevent 
the tube from firing. Thus an 180° phase difference tween 
grid and anode is necessary. The proper phase is determined 
by trial. If the tube fires continuously when first connected 
up, it is only necessary to disconnect the two leads from the 
filament transformer to the tube healer and switch them in 
reconnection. The magnitude of the voltage available between 
pins 1-2 is more than sufficient for grid control and the re¬ 
sistors Ri and Rt form a voltage divider circuit which de¬ 
termines the fraction of total filament voltage applied to the 
grid (see Fig. 2). The values indicated for Ri and Rt were 
chosen to give ample voltage at the grid to ensure control 
of the tube and yet have a very small grid current. Since the 
fraction of filament voltage available on the grid is Rs/ 
(Ri + Ra), increasing Ri will decrease the control voltage put 
on the grid, and if Ri becomes sufficiently large the voltage 
available will l>e insufficient for operatio/i of the circuit as a 
relay. For best results the above fraction should be made 
near unity. It can be seen that decreasing Ri will cause grid 
current to increase and since this is undesirable Ri is made very 
large so that Rt can have a large value without making the 
fraction Ri/{Ri‘\-Ri) significantly smaller than unity. How¬ 
ever if Rt in made excessively large the operation fails due to 
capacity effects. 

In operation, the warming of mercury in the thermoregulator 
closes the contacts which put the fraction Ra/CRi-hR*) of the 
filament voltage on the grid and this prevents the tube from 
firing, thus heaters in the anode circuit cool. The mercury then 
contracts breaking the contacts and allowing the tube to fire 
which warms the heaters in the anode circuit. 

The thyraton used (General Electric GL-5559/FG-57) has 
a rating of 2.5 amperes average anode currtmt and 15 amperes 
peak anode current. Since the tube carries current only 
during positive voltage swings of the anode, these tube re¬ 
quirements may be met by using ordinary 120-volt a.c. knife 
heaters with a rating of 740 watts or less (if more than one 
heater is used, they should be wired in parallel for maximum 
pfjwer output). This is equivalent to a resistance of approxi¬ 
mately 19.5 ohms in the anode circuit. Actually a maximum 
of about 300 watts will be delivered continuously by the anode 
load with the above heaters. 

This relay has been used to control the temperature of a 
water bath, A mercury filled regulator with make-break con¬ 
tacts in air showed no appreciable oxidation of mercury after 
several months of operation. Temperature control to 25.000°C 
:fc0.005° was achieved with an uninsulated Pyrex jar of water. 

This same method could conceivably be used on other 
thyraton tubes, provided grid control voltage was less than 
filament voltage. 

The authors wish to thank Dr. S. N. Van Voorhie of the 
University of Rochester Physics Department for helpful 
suggestions, 

* Present sddress: Department of Chemistry, University of Rochester, 
Rschester, New York. 


An Apparatus for Producing Powdor->Like X-Ray 
Diffraction Patterns from Single Crystals 

F. W. MATTirRWS Auo A. O, McIi^osh 
Central Research taboratory, Canadian Industries, Ud. 
McMasUrviUe, Quebec, Canada 
Fcbniary 2S. 19S9 

O ccasionally it is desirable to identify single crystals 
without powdering the material. Single crystal rotation 
patterns can be used to obtain the **d** spacings and the unit 
cell dimensions but these data are not readily used for identifi¬ 
cation. There are, at present, no determinative tables based 
on unit cell measurements and the spacings obtained from 
rotation photographs give no indication of the relative in¬ 
tensity of the powder lines. A comprehensive determinative 
table, based on diffraction powder data, is published by the 
American Society for Testing Materials.* This requires the 
interplanar spacings, “d'* and the relative intensities of the 
powder lines. For identification purposes it is advantageous 
to obtain the powder data directly from the single crystal. 
This can be done by imparting to the crystal, placed in the 
x-ray beam, a very large numlier of orientations. A method 
has been described for use in the identification of gemstonesA* 
This method, designed for use with large mounted specimens, 
recorded only in the back-reflection area and due to the 
limited rotations gave arcs in the pattern. For identification 
purposes the preparation of standard patterns was required. 
Since the method here described gives results similar to an 
ordinary powder pattern the standard x-ray powder index 
can be used. 

The instrument (Figs. 1, 2) was constructed around a 
standard collimator of the General Electric XRD^ equipment 
(1). The collimator holder (2) was machined to fit the baring 
(3) of the large spur gear. A stationary driving disk (4) is at¬ 
tached to the collimator. Fastened to the large spur gear (5) is the 
l.)earing housing (6) which carries the shaft on which the 
sample is mounted. This shaft is fitted with a rubber disk (7) 
that is in contact with the driving disk (4). Recessed into the 
shaft is a small rod (8) at the extremity of which is a smooth 
surfaced platform (9). To the platform a small flat disk is 
attached by means of grease. The rod (8) can be adjusted as 
to height giving longitudinal adjustment of the specimen. 
The disk, to which the crystal is attached by a glass fiber, can 
be moved transversely giving the other motions necessary for 
adjustment. The sample holder is counterbalanced by the 
weight (11). When motion is transmitted to the large spur 
gear by the motor (12) through the gear (13) the sample 
holder rotated about the axis of the collimator. At the same 
time the disk (4) causes the specimen to rotate about an axis 
perpendicular to the collimator axis. Thus the crystal is made 
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Fig. 2. Crystal rotatias device mount on camera track of x-ray unit 
ahowinii rotating fiat film cassette. 


to rotate about two mutually perpendicular axes. The pattern 
is recorded on a flat film rotated about the axis of the beam 
in the direction counter to the rotation of the crystal. 

Patterns made with this apparatus will not be exact dupli¬ 
cates of normal powder patterns which require very many 
random orientations. Since the equipment described does not 
give random orientation, difference in intensities will exist. 
These mighti>e sufficient to remove some lines of the pattern 
completely. In practice, however, there seems to be qualitative 
agreement between patterns made from single crystals by 
this instrument and those made from powdered material. 
Figure 3 shows the two types of patterns recorded on the same 
film. The relative line intensity is closely matched in this 
photograph of sodium chloride which is of high symmetry 
and in similar photographs of sucrose which has lower sym¬ 
metry. A contributory factor is that in neither case was a 
main crystallographic axis used as an axis of rotation thus 
avoiding planes parallel to the beam, which do not come into 
the reflecting position. 

The instrument can be used for identification of small 
crystals mounted in the manner usual for single crystal in¬ 
vestigations. Larger crystals require an edge to be used so 
that absorption does not interfere with the relative line in¬ 
tensity. A possible use of this equipment is the quick checking 
of the identity of crystals before a single crystal pattern is 
obtained. In this connection it would be useful to design the 



Fio. 3. Sodium chloride diffraction photograph (I) from alngle cryatal 
(2) powdered eample. 


equipment to take the goniometer head used in the single 
crystal equipment. A further improvement would be effected 
if the flat cassette were replaced by a seinicylindrical cassette 
the radius of which was made the same as powder cameras 
used for routine identification. 

We wish to acknowledge the help of Mr, K. V. Row in the 
construction of this instrument, 

* American Society for Testing Materials, card file of x ray diffraction 
data. Philadelphia iWnsylvania (1942). 

*.S. S. Gordon, Am. Mineral 32. 690 (1947). 

•G. SwiUcr and R, J. Holmes, Am. Mineral 32, 351-333, (1947). 

* General Klcctric X-Ray Corporation, XRD Laboratory Handbocjk, 
Milwaukee. Wisconsin. 


A Large Straight Through Vacuum Valve 
for Van de Graaff Generators 

B. Jenwincs* 

Wesiingkotise Rfsearch Laboratories, East Pittsburgh, Pennsylvania 
March 17. 1949 

I N order to change targets on an electrostatic generator or 
external beam cyclotron, it is necessary to have a vacuum 
valve on the beam tube of special characteristics. This valve 
must be very tight in the closed ptjsition to keep a good 
vacuum in the main system. It must have a large straight 

L__^-^^ 
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through opening so that the beam cannot splash on the valve 
parts and produce unwanted disintegrations, and must be 
easily and quickly closed in case of accident. The valve de¬ 
scribed here fulfills these requirements. 

The valve' consists of a plate carrying a rubber seal of the 
type known as an ring* which is held mechanically against 
a polished valve seat. This mechanical force is supplied by a 
lever structure consisting of three bars, one of which is a 
radius bar to hold the valve plate centrally over the valve 
seat. The other two form a toggle joint which acts as the com¬ 
pression member of the lever system in the closed position of 
the valve, as they are locked together in the closed position 
of the toggle and act as one bar. The mechanical compression 
on the valve plate can be adjusted by the spacing nut and 
thread in the valve plate. 

To open the valve the lower member of this compression 
unit is turned clockwise by the outside handle so that the 
toggle joint unlocks, and the two parts of the cantilever com¬ 
pression member fold together allowing the valve plate to 
drop down out of the passage way. The radius bar, however, 
holds the valve plate so that it returns to the correct position 
when the valve is closed. 

The mechanical advantage of the operating lever in startiiiig 
to swing the valve plate up into position is poor but very 
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little force « required. At the point where the valve is being 
closed against tike valve scat the mechanical advantage has 
become much better and the force required to snap the toggle 
is not excessive. Al>out a quarter of a turn of shaft rotation is 
necessary to close the valve and the action is easy enough so 
that it could be done by a motor or weight drive for automatic 
closing in case of vacuum trouble. 

The operating shaft is brought outside through a commercial 
Wilson* seal which is applied in the conventional way for 
rotating a shaft through a vacuum seal.^ 

The valve has been checked for tightness in the closed 
position with a helium mass spectrograph leak detector, both 
with the vacuum above and below the seat. No indication of 
leaks has been found in either direction. This valve is being 
used as the target valve on the Wcstinghouse Electrostatic 
generator at East Pittsburgh, Pennsylvania. 

* AitUited by the Joint ProRram of the ONR and tlie AEC. 

» R. O. Meintoth and J. W. Cohman. Rev. Sci. Iiiat. 20. US (1949). 

“ Linear, Inc., State Road and Levick Street, Philadelphia 35, Penn¬ 
sylvania. 

• Garlock Packing Company, Palmyra, New York. 




SAMPLE CONTAINCft 


Cells Drawn from tantalum, Molybdenum, and 
Platinum for High Temperature Research* 

Gborgk W. ZrEGLRa. Jr.. Rudolph Spkiser, awd Herrick L. Johnston 
Tht Cryogenu Laboratory and The Department of Chemistry, 

The Ohio State University, Cidumhus, Ohio 
March 17, 1949 

C ylindrical ceils, containers, and furnace elements 
can be fabricated of tantalum, molybdenum, and plati¬ 
num sheet for use in high temperature research. These re¬ 
fractory materials have been used to fabricate seamless 
Knudsen cells employed in vapor pressure measurements,* 
furnace elements in a high temperature x-ray camera,* and 
sample containers for high temperature calorimetry.* (In these 
examples it is important to use seamless cell containers since 
induction heating is used, and it is essential that the object 
be uniformly heated.) 

Starting with a 0.010-inch tantalum blank, 2 inches in 
diameter, it takes four draws to make a cylinder } inch in 
diameter and one inch high (see Fig. 1). The dies are made to 
nest one within the other. The schedule and die sizes are as 
follows: 


^HMIOENCD Dies 
^ MOLOINO RINGS 



Ft6. L 


Radiuii of curN'ature of edges 


Draw 

Die 

of stakes and punches 

1st 

2" to 

S/32" 

2nd 

iT' to ir 

9/64" 

3rd 

ir to r 

1/32" 

4th 

v to r' 

1/64" 


An arbor press is employed to make the draw and the die 
assembly is loosely clamped with c-clamps. 

Before each draw, the sheet, punch and die are thoroughly 
greased with Vaseline, After the draw, the Vaseline is re¬ 
moved with successive washes of benzene, acetone, and ether. 
Then the piece is annealed in vacuum (10~* mm Hg with gradu¬ 
ally increasing temperature and finally held at 12()()®C fora few 
minutes. After the last draw the cell can be trimmed by 
placing the punch in a suitable collet and machining off the 
ragged edge at low speed. The lid is made from the same sheet 
with a similar die (not illustrated) so as to give a very snug 
fit inside the cell body as shown in Fig. 2. The lid is welded 
to the cell body with an electric arc (using a carbon electrode) 
in a hydrogen atmosphere. 

The sample container (for use in a high temperature drop 
calorimeter) is suspended by a tantalum wire in the furnace. 
The bail to which the wire must be attached is formed with 
pliers and inserted into suitable slots cut into the lid and the 
ends are then melted down to the lid. The 1/32-inch holes 
drilled into the top of the lid are used for sighting into with 
an optical pyrometer when measuring temperatures. If the 
sample is volatile, the sample is sealed into the container with 
an inner lid as shown in Fig. 2, The space between the inner 
and outer lids creates a good “hohlraum” to sight into for 
accurate temperature measurements. 

The Knudsen cell body is made from the same set of dies 
by utilizing only the first three draws. The orifice in the top 
of the Knudsen cell is made by reaming a hole of the desired 
size to a knife edge periphery. 

The x-ray induction furnace elements are cut from the 
cylinders obtained from the fourth draw. 

Platinum and molybdenum parts are also fabricated in the 
same manner. Platinum can be arc welded in air and is 
annealed at a temperature corresponding to a dull, red color. 
Molybdenum is welded under a hydre^n atmosphere and 
annealed in vacuum (10~* mm Hg) at llOO'^C for a short time. 

* This work was carried out under contract between the ONR and The 
Ohio State Unlvertlty Research Foundatton. 

* Holden, Speiser, and Johnston, J. Am. Chem. Soc. 70, 3897 (1948). 

* Edwards, Sodser, and Johnston, Phyt. Rev. 73, 1251 (1948). 

* Ziegler* Speiser, and Johnston, manuscript in preparation. 
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Non-Uxxifonn Shrinkage of X-Ray Films 

M. H. jBttmEK 

laboratory^ Linde Air Products Company^ Tonawanda, New York 
February 9, 1949 

T he application of x-ray back reflection diagrams to 
measure solid solution compositions has been carried out 
in this laboratory on samples showing a maximum change of 
about 1 percent in lattice parameter. Sufficient accuracy was 
obtained by using Straumanis’ type cameravS of 57.3-mm 
diameter. Originally sodium chloride was tried as an internal 
standard to allow a determination of film shrinkage of no¬ 
screen x-ray film but it soon became apparent that non- 
Uniform shrinkage was occurring about the hole punched in 
the film to accommodate the collimator. 

To be able to measure this shrinkage as a function of posi¬ 
tion on the film a standard index was made by soldering 
ordinary needles at non-uniform distances to a steel strip. 
These needles were then used to prick the film in the region of 
interest before it was loaded to the camera. After the film was 
developed, fixed, and dried the spacings between pin pricks 
were measured with a traveling microscope reading to 0.001 
mm. The standard was calibrated similarly without processing 
the film and a direct measure of film distortion was obtained. 

The pricking device was made with a larger spacing between 
the central pins and this section was always placed across the 
center of the collimator hole in the film. In this way the 
standard was impresst*d in nearly the same location on each 
film. The average results of 37 sets of measurements are 
given in Table I. 


Tabkh I. 


Standard pin 
apacing 

Film 

dUtortion 

Change In mm per mm 
of film in each region 

S.Q23 mm 

—0.016 mm 

-0.0020 

7,592 

+0.003 

+0.0004 

13.077 

-0.052 

-0.0040 

9.363 

+0.015 

+0.0016 

8,235 

-0.039 

-0,0047 


These results show that a large shrinkage occurred where 
the hole was punched through the film, that on either side of 
the hole there was a region where the film stretched slightly, 
followed in turn by a region of shrinkage. 

The results for the region of expansion are probably too low 
because no attempt had l>een made to locate the region exactly 
and it is very possible that a small band showing a high degree 
of stretch exists. 


The Use of Gas Traps in Barometers, 
Laboratory Mercury Lamps, etc. 

E. L. Harrington 

University of Saskatchewan, Saskatchewan, Canada 
March 12, 1949 

T he basic principle underlying the use of traps to capture 
and to retain residual gases in barometers, mercury 
lamps, or in other vacuum, mercury-containing chambers may 
not be new, but the author has noticed only one reference' to 
it in the literature and has not observed any practical applica¬ 
tion of it in any laboratory other than his own. Two important 
applications will be described, and two different forms of 
construction involving the same principle will be shown. Each 
depends for its action on the reluctance of mercury to enter 
a fine glass capillary, which makes it possible to trap any 
traces of gases left by imperfect exhaustion, accumulated 
from the gradual release of adsorbed gases^ or due to other 
causee. 



(c) 

Fic. t. (a) Diagrammatic representation of a gas trap; (b) the upper 
end of a barometer tube incorporating the gas trap shown in (a); (c) same 
except with a different type of trap. 

Figure 1 is designed to illustrate the principle itself and 
also its application to the barometer or to mercury mano¬ 
meters. Referring to'Fig. 1(a) it is evident that any trace of 
gas in the tube, B, above the surface of the mercury M, can be 
crowded through the capillary C into the chamber trap, A, 
simply by elevating the mercury in B until a small amount 
of mercury enters A. As M is lowered to its normal position 
the mercury thread will break at the upper end of B, leaving 
the space B free of gas. The amount of gas which normally 
would be collected in A would be quite insufficient to push 
the mercury into the A-end of the capillary and then to the 
height required to escape back into B. This simple operation 
might well precede any set of readings, but it is found that 
after the first few months the vacuum is so nearly perfect that 
little or no further gas is collected. 

Figure 1(b) represents the upper end of a barometer tube in-, 
corporating the same arrangement as shown in Fig. 1(a) but 
in a more compact, practical form. It is seen that A is brought 
more closely adjacent to B and the two chambers are tied 
together by fused-on braces made of 3-mm solid glass rod in 
order to obtain greater mechanical strength. To free B from 
any trace of residual gas one has merely to swing the lower end 
of the barometer to one side until the surface of the mercury 
rises to the upper end of B and crowds any trace of gas through 
C, and then to return the lower end to its normal position. The 
tendency of the trapping mercury in A to return to B will 
depend on the pressure in A, but in the case of the first such 
barometer to be constructed in the laboratory of the Physics 
Department of the University of Saskatchewan not enough 
gas was accumulated in twelve years to untrap the gas col¬ 
lected. The form shown in Fig. 1(c) is identical in principle 
but somewhat neater in form, more compact, and sturdier. 
The choice between the two forms may depend on the skill 
of the glass blower and on the diameter of the tubing em¬ 
ployed. The first form is easier to make and must be the 
choice where the tubing is too small in diameter to give room 
for an inner tube since the latter must be sufficiently large to 
prevent mercury forming a continuous column and emptying 
A through siphon action. The pressed-in lump shown in the 
throat of B in Fig. 1(c) is designed to prevent such action. 

The advantages of the modification must be obvious. Our 
laboratory barometers incorporating this principle give higher 
readings than are given by the commercial barometers or by 
one supplied by the meterorological service. In the case of the 
standard form one is never certain as to whether any appreci¬ 
able gas pressure exists in the relatively small space above 
the mercury in the tube, and the sharpness of the * Vlick** made 
by the impact of M against the top of the tube is too insen¬ 
sitive to be of much use, besides bdng a Hsky test to make. 
Qm can hardly allow i^or the depression of the mercury tO 
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Fig. 2. (aj A Uboratory meirciiry varwr lamp provided with a gas trap; 
(b) alternative form of electrode well. 


this accumulated gas since its effect in any case must depend 
on the volume of the space above M, hence on the barometer 
height- Central meteorological stations may call in baro¬ 
meters for servicing, but this merely gives the barometer a 
fresh start in gas collecting and is both expensive and time 
consuming. With the improvement suggested even the remote 
observer can be sure that his reading is correct at all times. 
Even though with continued use the quantity of gas collectable 
becomes vanishingly small, it is a source of satisfaction to 
have at all times the means of quickly iiiab*ng certain of a 
reliable reading- In the case of mercury manometers forming 
a part of a McLeod gauge system, for example, where the 
operation of the trap cannot depend on inclining the apparatus 
the same result can be accomplished by applying to the system 
a positive pressure sufficient to cause M to go over the top. 

Figure 2 shows the application of the trap to a laboratory 
mercury lamp of the type which is started by establishing a 
continuous mercury pool or stream between the two electrodes. 
To start such a lamp one rotates the lamp clockwise about 
an axis normal to the plane of Fig. 2 until the two pools are 
connected, and then very slowly brings it back to its normal 
vertical position. The arrangement of the trap addition U 
such that in the horizontal position chamber B is free of 
mercury and full of its share of any residual gas which may be 
present in the lamp. As the lamp is righted the gas in B in¬ 
cluding any extra swept in by the striking arc l>ccomes 
trapped and crowded over into A through the action of the 
pressure normally developed during the operation of the lamp. 
Thus it is seen that with each starting of the lamp the vacuum 
is automatically improved, in sharp contrast with the usual 
lamp in which the vacuum gradually deteriorates with in¬ 
creasing life and use. 'fhe modified form for each electrode 
member, shown in Fig. 2(b) has a reentrant tube at the end. 
This modiffcation reduces the weight of mercury required, 
almost eliminates hammering, and should greatly reduce the 
chance of breakage in shipment and in use. The two forms 
work equally well. 

Aside from accidents, the failure of a laboratory mercury 
lamp is generally due to the gradual increase in the pressure 
of the residual gas. This gas may contaminate the mercury, 
but in any case the lamp becomes harder to start and the 
effective voltage required increases with time. This oft^n 
leads to more violent mechanical treatment by the student 
attempting to start the lamp, too frequently ending in fracture. 
Partially to overcome this difficulty most such lamps have 
been provided with chambers large enough to take care ol the 
resklual gases without building up appreciable pressures, but 
tWs makes them more bulky and more fragile, and also re- 
dtmee their efficiency since a larger radiating surface requires 
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a larger wattage if the same operating temperature is to be 
maintained. Experience to date has shown that the lamps 
herein described operate more steadily than lamps of the 
usual type, that they are more easily started, and that the 
mercury remains clean. Incidentally, the “click" becomes 
sharper and this suggests greater caution against rapid turning 
or shaking just to hear it. All lamps which must be tipped in 
starting, should I>e provided with mechanical means of pre¬ 
venting the lamps from being turned in the wrong direction 
since the exposure of the tungsten leads is likely to cause the 
failure of the lamp. It will be observed that the upper end of 
the lamp slopes to the right, in contrast with its commercial 
prototype. While this aids in keeping full the upper electrode 
well and makes it possible to use either polarity, it is best to 
have the upper electrode serve as cathode. If the lower elec¬ 
trode were the cathode a large mercury drop might interrupt 
its flickering “hot spot,” and stop the discharge. 

> C. J. Smith. Iniermediait Physics (Edward Arnold and Company, 
London. 1932). 


A Vibration Absorber for Gas Holders* 

R. S, Cratc and W. E. Wallack 

Dfpartment of Cfumistry, Universiiy of Pittsburgh, Pittsburgh, Pftinsylvania 
March U, 1949 

T he vibration of gas holders has often been a source of 
annoyance to workers in cryogenic laboratories. This 
is particularly true in those cases in which the system is 
equipped with selsyn-level indicators or automatic switching 
devices which are controlled by the level of the holder. 

The vibrations are usually caused by a coupling between the 
gas holder and the compressor, I'he movable portion of the 
gas holder and the cushion of enclosed gas effectively form a 
mass and spring system possessing a characteristic natural 
frequency. The natural frequency depends upon the quantity 
of gas enclosed, and hence upon the height of the holder. At 
some particular level the natural frequency of the gas holder 
may become equal to the frequency of the pulses from the 
compressor, under which conditions violent vibration of the 
gas holder may result. Systems which are particularly prone 
to vibrate in this manner are those in which the gas holder is 



Fio. 1. View of top of «as holder* showing the vibration absorber in position. 
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designed so that it may be evacuated. In such cases the volume 
of enclosed gas becomes small as the fioat approaches its 
lower position, and the natural frequency may then f>ecome 
sufBdently high to equal the frequency of the pump. 

The difficulty was eliminated in an installation in the Uni¬ 
versity of Pittsburgh by a device known as a Dynamic 
Vibration Absorber.^ This device consists of a relatively smalt 
m-k system in the form of a mass suspended from a spring. 
ITie spring is attached rigidly to the offending vibrating 
system and the magnitude of the mass is adjusted until the 
frequency of the absorber is equal to that of the forcing 
vibration (i.e., the frequency of the compressor). Under these 
circumstances the amplitude of vibration of the gas holder is 
reduced to a negligible value, and the energy is absorbed 
almost entirely by the small m-k system. 

I'he gas holder to which this device was applied is a part of 
the standard equipment for use with the Collin's Helium 
Cryostat. The movable portion of this holder consists of a steel 
cylinder open at the top and closed at the bottom. The helium 
gas is enclosed in the space between the bottom of the floating 
portion and the outer container, where it is sealed by a large 
neoprene gasket. The spring was fastened to a support bolted 
across the top of the gas holder as shown in Fig. 1. The spring 
had a stiffness coefficient of approximately 500 lb./in., and the 
magnitude of the suspended mass was 50,4 pounds. This de¬ 
vice has proved entirely satisfactory in operation. 

* This work was supported by a Kttuit from the Office of Naval Research 
Contract N6-OKI-43, No. 2, with the University of Pittsburgh. 

1 Den Hartog, Meckanical VibreUtons (McGraw-HUl Book Company. 
Inc*, New York, 1943). 


Construction of Beta-Geiger Counters from 
Prefabricated Thin Wall Tubing* 

K. E. Senftlk, W. Havkrcroft, and P. Hkrnakdk^ 
Radioactivity Section, Bureau of Mines, Canada 
March 8, 1949 

T he construction of thin beta-Geiger counters has been 
described in the literature and textbooks. The usual 
method to obtain thin walls has been to draw the glass very 
thin. Although this can be done manually with some difficulty 
by a skilled glass-blower, it has become common practice to 
use a glass lathe where any quantity of tubes arc to be made. 

Recently the Corning Glass Works-has made commercially 
available, thin wall etched borosilicate glass tubing (Code No. 
7740) which has l>een found to have certain distinct advantages 
in the construction of Geiger tubes. This prefabricated thin 
walled tubing is particularly useful where Geiger tubes of 
uniform diameter are needed or where it is necessary to build a 
number of tubes with limited glass-blowing facilities. It is the 
purpose of this paper to describe the new tubing and (Seiger 
tubes made from it. The use of this special tubing has facili¬ 
tated the construction of certain types of cathodes for Ckiger 
counters, and the increased mechanical strength*of such tubes 
also admits their use in environments of higher than atmos¬ 
pheric pressure. 



Fio. I. 



Fig. 3. 


The thin glass etched blank as received from the manu¬ 
facturer and the first steps in the construction of the Geiger 
tubes are shown in Fig. 1. The central section of the blank 
is the thin wall, and on either end is a short section of ordinary 
unetched borosilicate glass tubing. The over-all length of the 
blank is 6" to 8". At present two diameters are obtainable, 
19-mm and 25-nim O.D. The thin central section is slightly 
smaller on the O.D. and slightly larger on the I.D, than the 
heavy section at the end. The wall thickness of the thin 
section is remarkably uniform, and, depending on the par¬ 
ticular blank, the thickness is l)etween 0,006'' to 0.016'^ 
which is about 41 to 110 mg per cm*. The maximum variation 
of thickness of the individual blanks tested was found to be 
about ±0.002". For low energy beta-counters it is necessary 
to select blanks with the thinnest wall. However, the majority 
of blanks which have been tested to date have been found to 
be sufficiently thin for most work. 

The blanks of thin tubing have a substantially uniform 
bore, and are less fragile than hand-drawn tubing, since they 
have no extremely thin mid-section which thickens toward 
the ends. In the hand-drawn and to a lesser extent in the 
lathe-drawn tubes, the central diameter is slightly smaller 
than that of the extremities. Hence, any uniform cylindrical 
cathode could not be conveniently put inside such an envelope. 
On the other hand, the uniform bore tubing allows the use 
of a wide copper spiral or open screen as a cathode. These 
open cathodes allow a free passage of the beta-particles into 
the active volume while still maintaining a uniform field. 
Although a clos^ wound wire helix or fairly fine copper screen 
has an inside area greater than that of a solid cylinder, a 
condition tending to increase the gamma-efficiency, it has 
been found that a good beta-counter can be made, if the wires 
are not too close leather. The sectional area to gamma-rays 
perpendicular to the tube axis is small for an open helix. 

Figure 2 shows a typical copper spiral beta-counter and 
al8t) one with a conventional deposit^ silver cathode. Both 
were*made with Code No. 7740 glass. If a silver surface is 
used for a cathode, it is more convenient to deposit it on 
the thin glass blank prior to any glass-blowing steps as 
sliown in Fig, 1, 

Tests on a small number of tubes indicate that they will 
stand a maximum of 60 p.sa. external pressure. It is obvious 
that Geiger tubes made from such tubing would be particu¬ 
larly suitable for beta-measurements under a considerable 
head of liquid. A tube with a liquid jacket is shown in Fig. 3; 
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Where radioactive elements or tracers can be used, a constant 
check on concentration may be maintained. In certain in¬ 
dustrial processes, the active solutions are circulated under 
pressure through the jacket, and the concentration of the 
beta-active tracer may be continuously monitored. The 
relatively strong thin wall of these Geiger tubes makes such 
an arrangement feasible. 

Our thanks are due the Corning Glass Works for providing 
helpful information. 

* Permiwsion to publish this paper has been granted by the Director, 
Mines Forests and {scientific Services Branch, Department of Mines and 
Resources. Ottawa. Canada. 


Percent Transmission Computer for 
Infra>Red Spectra* 

C. E. Zbrwekh. Jr. 

Humble Oil and Re^nint Company, Baytown, Texas 
January 3, 1949 

A DEV ICE for converting the usual infra-red intensity 
wave-length curves to percent transmission curves which 
was described earlier* has bwn modified to increase its versa¬ 
tility. The incident energy (Jo) and transmitted energy (/) 
curves are run in a conventional manner on an infra-red spec¬ 
trometer except that they are superimposed on the same chart. 
This chart is then placed in another instrument and the curves 
traced simultaneously by hand with two pointers placed on a 
single track. One of the pointers selects a voltage E propor¬ 
tional to / and applies it to the other pointer which impresses 
it across a resistance R proportional to h. The current i flow¬ 
ing in the resistor is equal to the quotient of E/R and is thus 
directly proportional to 1/h or the percent transmission. 

The infra-red equipment consists of a Perkin-Elmer Model 
12-C Infra-Red Spectrometer etiuipped with a chopped beam 
detecting system and a Perkin-Elmer Breaker Type D.C. 
Amplifier,* The output of the amplifier is impressed on a 
suitable filter circuit and then fed to a Brown Rlektronik 
strip chart recorder. The electrical circuit of the computer is 
illustrated in Fig. 1. All of the electrical components were 
mounted on a Brown Elektronik recorder chassis that had 
been stnpped of everything except the chart drive motor and 
associated mechanism. The two resistance cards, specially 
wound by General Radio so that the total length occupied by 
the windings was equal to the 0-100 distance on the chart 
paper, were mounted in the place originally occupied by the 
Brown slidewires. An additional Brown carriage for carrying 
the sliding contacts was placed on the carriage track, and 
contacts were mounted on both carriages. Since each conUct 
had two elements, one of these was cut off so that each carriage 
and its contact touched only one resistance card. A pointer 
was mounted on each carriage and aligned with the point of 
contact between the resistance card and the sliding contact. 
In addition, two more sliding contacts, one for each card, 
were mechanically coupled together and mounted on a special 
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Fio, 1, CircuU dUtgmm of Percent TransmiMton Computer. 
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Fic. 2. Curve A; cell fillwl with sample; curve B: cell filled with refer¬ 
ence Btandard; curve C; percent iranamisaion (curve A XlOO/curve B) 
traced by the computer. 

carriage at the zero end of the resistance cards. These contacts 
allow compensation for difference in zero levels, A shorting 
switch Si was also mounted across the input to the recorder to 
allow the fiducial marks appearing on the original curve to 
be transferred to the percent transmission curve. This switch 
was mounted under an accelerator pedal to allow it to be 
operated by foot. A variable shunting resistor R^ across the 
recorder input allows the sensitivity of the recording system 
to be adjusted to compensate for the changes in battery volt¬ 
age and, in effect, is a standardizing knob. The chart drive 
motor on the computer and the recorder were connected to a 
common switch to allow the computer and recorder charts 
to be started and stopped simultaneously. 

To use the instrument, a record of the wave-length intensity 
curve for the filled sample cell is made in the usual manner. 
Then the chart is turned back to the starting point and a 
record is made of the reference. This is very readily done with 
the Perkin-Elmer Model 12-C Infra-Red Spectrometer since 
the chopped beam detecting system eliminates practically all 
zero drift. The chart is then removed from the original re¬ 
cording system, placed in the computer, and aligned for the 
proper starting position. The zero contacts are then adjusted 
to the proper zero level. When the start switch is thrown, both 
charts begin moving simultaneously and at the same speed. 
The superimposed charts are traced by hand, and whenever a 
fiducial marker passes under the tracing pen, the marking 
switch is pressed to place a mark on the percent transmission 
curve. Figure 2 illustrates the type of results obtained from 
this instrument. Curve A is the intensity wave-length curve 
for the 6.70 to 7.00 micron region for a sample cell filled with 
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0.182 volume percent 1,3-dImethylcyclohexane in carbon 
tetrachloride, and curve B is the corresponding curve for the 
same sample cell filled with carbon tetrachloride. Curve C 
is the ratio of A to B as determined by the Percent Transmis¬ 
sion Computer. 

Tests obtained on this computer show that it has an in¬ 
herent accuracy and reproducibility of ±0.1 percent trans¬ 
mission on the average with a maximum deviation of approxi¬ 
mately 0.3 percent. Tests under actual operating conditions 
give results that are on the average within ±0.7 percent of the 
actual value, with the maximum deviation occurring when 
both the incident and transmitted energy curves have steep 
slopes, such as those occurring in the regions where water 
vapor absorbs strongly, 

* The work done in connection with this paper wa« performed at the 
Humble Oil and Kefinlna Company at Baytown, Texas. 

1 R. M. Fuom and dTj. Mead. Rev, Sci. Inst. 16. 223 (1U45). 

* Uston, Quinn, bargeant. and Scott. Rev. Sci. Inst. 17, 194 (1946). 


The Use of Anodized Aluminum in the Construction 
of Calorimeter Heaters 

Gbokgb W, Murphy 

Dtpariment of Chemistry, University of Wisconsin, Madison, Wisconsin 
February 9, 1949 

A mong the desirable features of electrical heaters for 
introducing measured amounts of energy into calo¬ 
rimeters are those of low heat lag and low heat capacity. For 
routine work, durability is also an important asset. Where 
a liquid of negligible electrical conductivity is to be heated, 
bare resistance wire satisfies the first two requirements ad¬ 
mirably; however, in aqueous solutions of electrolytes, which 
are appreciably conducting, bare resistance wire in contact 
with the solution cannot ordinarily be used. Furthermore, any 
attempts to insulate the wire inevitably increase the heat 
lag and the heat capacity. It is the purpose of this paper to 
describe a technique for preparing insulated heaters with very 
low heat lag and heat capacity and high durabifity. 

Anodically prepared layers of aluminum oxide on aluminum 
have been employed for many years for corrosion protection 
and for other purposes.^ These layers are extremely tenacious 
and durable, and for our purposes, have the important prop¬ 
erty of being electrically insulating. The thi<^nes8 of the 
coating can be controlled within wide limits. Thus if a suitable 
aluminum heater core is anodised, resistance wire wound on 
this core will be insulated from it; heat conductivity between 
the wire and the core should not be seriously impaired because 
of the thinness of the coating. A casing can be soldered to the 
core to protect the resistance wire from the solution. 

A heater which has been so prepared and used for routine 
work in the undergraduate physical chemistry laboratory will 
be described in a forthcoming book.* Several variations in 
dwign of this heater have been prepared by^the author and 
his associates, and the wide application suggested has 
prompted this publication of constructional details. 

The sequence of operations for preparing a heater is shown 
in Fig. 1. The heater illustrated is tubular in form so that a 
stirring propellor can be inserted to improve circulation of the 
liquid. Pure aluminum is best for anodizing, but the cus¬ 
tomary alloys will give satisfactory service for this applica¬ 
tion. Threads are machined on the core for a calculated length 
of resistance wire. Rounded grooves should be milled between 
the thread terminals and the outlet holes for the wire* and all 
sharp comers over which the wire might pass are carefully 
removed. If this is not done, subsequent breakdown of the 
citing is likely. The usual anodizing process increases the 
dimensions very slightly; therefore, the casing should be a 
free fit around the core before anodizing. 


The part to be anodized is degreased in an organic solvent, 
pickled in 1-mdar sodium hydroxide solution until hydrogen 
is copiously evolved, rinsed thoroughly, and placed in the 
anodizing bath. The electrolyte in the anodizing bath is 5 
percent by volume HtSOi.* The temperature should not rise 
much above that of the room for best results. For this purpose 
tap water may be circulated through a copper cooling tube, 
w^ch also serves as cathode. A motor stirrer should be pro¬ 
vided. A current density of about 0.2 amp./sq. in. yields a 
satisfactory coating in about 30 minutes. Thicker coatings 
can be obtained with higher current densities and longer times. 
After anodizing, the part is rinsed and **sealed*' by immersion 
in boiling water for about 20 minutes. Tliis operation seals the 
pores by formation of a hydrated oxide. 

When both parts have been anodized, the surfaces are 
tested for short circuits, and if the tests are satisfactory, re¬ 
sistance wire (preferably of Advance or manganin) is wound 
on. The small outlet hole at one end is reamed to expose the 
bare metal, since one end of the wire is to be grounded to the 
case. The casing is now slipped on and soldered to the core 
with aluminum solder.* The oxide coating must, of course, be 
filed or ground aw^ at the points to be soldered. The grounded 
end of the resistance wire is soldered to the case.* A heavy 
copper wire lead nuiy be soft soldered to the other end of the 
resistance wire. No flux should be allowed to flow into the out¬ 
let hole of the heater. The lead wire may then be insulated by 
a tube of Lucite which is sealed to the heater by Ludte cement, 
or by such other means as may be dictated by the particular 
problem. The other end can be a strip of aluminum grounded 
to the case. Additional leads for potentiometer connections 
can be provided if desired. 

The heaters described above were designed for a low voltage 
(6 volts) and low power dissipation (6 watts). There is nothing 
in the construction, however, to indicate that these units 
cannot be used for much higher voltages and power dissipa¬ 
tion. Professor Paul Bender and his associates of this De- 
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partment have congtructed heaters which operate satis¬ 
factorily from a 110-volt power supply and will handle at 
least 250 watts.' These units were totally enclosed In a brass 
shell and the lead wires were carefully insulated and enclosed 
in brass tubes. 

Rough tests of these units for heat lag have yielded no 
quantitative data» since the results seem to be influenced as 
much by the stirring arrangement and thermometer inertia 
as by the lag of the heater itself. 

The heater described above is suitable for use in aqueous 
solutions which are neither strongly acid nor strongly basic. 
For acid or basic solutions the heater could be sheathed with 
gold or other non-corrodable material. It might also be men¬ 
tioned that tantalum is known to form anodic layers similar 
in characteristics to those on aluminum. A heater made with 
a tantalum core would be able to withstand sttxmg acids; 
furthermore, tantalum might make possible high temperature 
applications beyond the melting point of aluminum. 

The author in collaboration with Mr. W, R. Rowe has also 
prepared a low heat kg resistance element for temperature 
control by winding Hytcmco wire on an anodized aluminum 
form. This has given satisfactory service for a year at control 
temperatures in the neighborhood of 250^C. 

The author wishes to thank Mr. Lloyd Lincoln of the de¬ 
partmental shop for his skillful assistance in the machine and 
soldering work on a numbter of these heaters. He is indebted 
to Mr. Harry A. Schopler for preparing sketches on which 
Fig. 1 was based. 

1 Alex Jenney end W. l^ewis, The Anodic Oxidation of Aluminum and its 
Alloys (Chemical Publishing Company. New York, t940). 

< Daniels. Mathews. WiUkms, and staff, Experimental Physical Chemistry 
(McGraw-Hill Book Company. Inc.. New York. 1949), fourth edition. 

• Many variations in electrolyte have been employed (see reference 1). 
The concentration Is not critical. 

* Aladdin Rod. a tender made by the Aladdin Rod and Flux Manufactur¬ 
ing Company. Is satisfactory. The manufacturer’s instructions for using this 
solder should be carefully followed. 

* If the aluminum core is tinned with aluminum solder at this point, 
soft solder may be used between the resistance wire and the core. Aluminum 
•older win not in general wet the resistance wire. 

• These heaters will be described In more detail in forthcoming publica¬ 
tions by Bender and associates. 


Method for Preparing Capillary Tube Samplea 
for X-Ray Diffraction Powder Analyiia* 

Paul J. Hacklston and Harris W. Dunn 
Carhida and Carbon Chemicals Corporation, Y-/2 Plant, 

Oak Ridge, Tennessee 
February 1, 1949 


F ILLING of capillary tubes with powder samples for x-ray 
diffraction work is usually accomplished by thrusting 
the capillary into a quantity of powdered sample material, 
each thrust forcing some of the powder into the tube until the 
required amount is enclosed therein, The tube is then end- 
sealed. 

Under the following increasingly common conditions, the 
usual method is not at all satisfactory. 


1. Msndttfig of hygroscopic materials In a dry box Is difficult since It 
neceMltates wearing cumbersome gloves extending Uwough the ports 
while manipulating amall tubse. Too. the^ HIwUbooa of moliture pick-up 
is a danger during the perM of removal of the eampk for eesling. 

2. ConUmination by dirt and dust irom air. vessels, and hands Is an 
ever-present poseibillty even with stable eimptee. 

3. ^mples extremely Umlt^ in oi^tfty, each at enriched Isotopee, 
make caputary Ailing Wrtually ImpOsrihle. 


Gibons and Bicek* hava recently outlined a method for 
Ailing capillaries which requires the use of a vacuum set-up. 
The points of great caution riiey cite as necessary in their 
method are believed to be non-existent through use of the 
foUowing technique* In addition, the limiting conditions 
number^ above ate virtually eliminated, 



Fig. 1. Capillary Ailing jig Anal assembly. 


Figure 1 shows a capillary Ailing jig, consisting of an 
amended 10/30 pyrex ground joint whose male member is closed 
at the tubukr end. The female member has a small hole in 
its tubular end into which is placed the opien end of a capillary 
tube whose other end is sealed. The capillary is held in position 
by application of collodion or other suitable thick fluid to its 
junction at the tip of the female member. 

To assemble this Ailing jig, a difAcult and unsatisfactory job 
when done by hand, an assembly jig is used, one head of which 
is shown in Fig. 2. The sealed end of the capillary is stuck in a 
piastic-clay-AHed hole on the bottom of the lower knurled 
knob on the screw column of the assembly head, and the 
amended 10/30 ground joint assembly placed in position by 
inserting the tubular end of the male member in the base hole 
provided. The capillary is positioned directly above the female 
member tip hole through use of the rotational, horizontal, and 
vertical adjustments provided. The lower knob, which is 
attached to but free to rotate upon the vertical screw shaft, 
is held while the screw shaft is rotated downward, bringing the 
capillary the desired distance into the tip of the female 
member. Collodion or other material is applied, allowed to 
dry, and the lower knob again held while the shaft is re¬ 
tracted. 

To All the then assembled jig, the ground joint is separated 
and the sample material placed in the female memb^. The 
male member is re At ted and a Ane-cut Ale drawn across the 
assembly, the resultant vibration forcing the material into 
the capillary. When the latter is Ailed to within about one- 
quarter inch of the collodion joint, it is sealed-oflf by a hot 
pin-point flame. 




Fto. a. Assembly Jig head. 
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With hygroscopic materials, the component parts of the 
jig are allowed to dry in the dry box, the material placed in 
the female member, and the male and female parts refitted* 
The assembly may then be removed from the dry box and 
the capillary filled and sealed-off as above. Throughout the 
procedure, parts can be kept clean and very little possibility 
of contamination presents itself. 


When dealing with materials of extremely limited quantities, 
it is necessary to assemble the filling jig so the junction of the 
capillary to the tip of the female member is essentially a 
bull joint. 

* This document is based on work performed for the A EC by Carbide 
and Carbon ChemicaU Corporation, at Oak Kidge, Tennessee. 

* G. Gibons and E, J. Bicek, Anal. Chem. 20, 884 (1948), 
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NucidOmeter rhe Mark 9, Model 3, RCL 

N ucleometer-Scaler Type is a 
complete instrument for counting alpha-, beta-, or gamma* 
radiations with extreme precision and reliability. It consists 
of the counter tul>e, high voltage supply for the counter tube, 
amplifier, pulse equalizer, scaling circuit, a supply of gas and 
a regulator. With reasonable precautions the reproductibility 
of the RCL Nucleomcter-Scaler Type will be within statistics. 



The counter tul^e through which the hydrocarbon gas 
flows, operates in the proportional region as differentiated 
from the Geiger region. This results in the following ad¬ 
vantages: 

a. Low resolution loss at all counting ratcs—less than 2 percent at 
100,000 counts per minute. 

b. Exceedingly flat and long plateau. 

c. With an airlock to introduce samplea directly into the counter, the 
tolerance to air is several orders of magnitude greater for a given 
accuracy than a Geiger counter tube, permitting shorter flushing time. 

d. The chemical breakdown of the gas. forming uodemrable deposits on 
the inside surface of the counter, Is approximately in the ratio of the 
voltage pulses from Geiger and proportional counter tubes, being on 
the order of 1000 times less obnoxious for the proportional counter 
tube than for the Geiger counter tube. 

The counter tube is available in either an internal sample or 
external sample type. With the internal sample type, the 
radioactive sample is placed in a ‘Veil” and slid directly into 
the counter volume giving SO percent geometry and no window 
absorption. This counter tu^ is u»^ for counting samples 
with soft radiation and when sensitivity is of utmost im¬ 
portance. The external samp^le type has a thin window and is 
furnished with standard Lucite mount. It is used where varia¬ 
tions in geometry are desired, as well as when absorption 
measurements are required. Since both counter tubes operate 
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slightly above atmospheric pressure all consequent leakage 
problems are eliminated. 

The counter tube is operated af 4200 volts from a regulated 
supply with a stabilizing factor greater than 200. The voltage 
may be varied from 2200v to SOOOv pennitting determination 
of the counter tube characteristic curve. 

Since the counter tube operates in the proportional region 
an amplifier is used between the counter and scaler. In order 
to advantageously use the fast characteristics of the counter 
a fast linear amplifier is employed. Use of the proportional 
counting region reqhircs that the pulsed amplitudes be equal¬ 
ized before scaling. 

The scaler is of the time tested Higinlxitham type and con¬ 
tains a scale of 512 in order that one may count at the high 
rates permitted by the low resolution loss of the counter, with 
alternate selection of scales of 64, 128, and 256. It is complete 
with panel mounted Standard Electric Timer and Wizard 
Recorder. 

The gas is specially purified methane and is furnished 
through a two-stage regulator, which informs the operator 
of delivered pressure as well as an indication of gas remaining 
in the tank.— Radiation Counter Laboratories, Inc., 
1844 West Zlsi Street, Chicago S, Illinois, 

Radiation Motor Radiation Meter, model 

number RM-l is a portable 
survey meter which has the following features: 

1. Continuously variable high voltage supply from 400 to 
1500 volts, permitting the use of end-window as well as 
cylindrical type G-M tulies. High voltage is obtained from 
inexpensive 67.5-volt batteries. 

2. A meter range covering three ranges of activity: 5000, 
50,000, and 500,000 counts/minute. At the upper range, 
more than four times tolerance dosage of x- or gamma-radia¬ 
tion can be measured. Intensities considerably above tolerance 
levels for the various alpha- or beta-emitting radioactive 
isotopes can also be readily determined. 
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3. Meter accuracy of l^etter than 2 percent, full scale. This 
permits use of the instrument as an inexpensive count rate 
meter for quantitative assay, besides its regular application 
for health monitoring and contamination detection. 

4. The instrument is of rugged construction. It can be used 
in all kinds of weather. It is supplied with earphones. It is 
particularly suitable for prospectors for radioactive ores.— 
The Nuci-eonic Corporatio\ oe America, 497 Union Street, 
Brooklyn 31, New York. 

Alpha-Particle Counter The outstanding feature of 

the Mode! D45 detector is 
its ability to count alpha-particles in the presence of high 
beta-activity with 50 percent geometry and low coincidence 
losses. 

When this detector is used with a high gain linear amplifier 
and a “fast” scaler, it is possible to count alpha-particles in 
the presence of a beta-activity of 5X10* disintegrations per 
minute. Measurements of this type are particularly useful in 
chemical, physical, and biological research. 



The counter chamber f>f Model D45 has a very highly 
polished cylindrical cathode. The anode is 0.002“ diameter 
tungsten wire mounted between glass insulators. Construction 
is designed to permit easy decontamination both inside and 
outside. The sample holder, mounted on a stainless steel 
sample changer, is designed for standard one-inch diameter 
samples, with provisions for raising the sample up into the 
counting volume for improved geometry. Flow of methane 
gas through the chamber is controlled by means of valves 
and an attached bubbler. Connection of a coaxial cable is 
made to the center wire via a well insulated connector on rear 
of the cover.—NucLEAR Instrument and Chemical Cor¬ 
poration, 2Z3 West Erie Street, Chicago 10, Illinois, 

Wide-Range Power A new wide-range power 

Supsdv supply apparatus featuring a 

continuously-variable voltage 
output from 500 to 50,000 volts with a maximum current 
output of 1 milliampere has been announced by the General 
Electric Company, 

Designed for laboratory applicatbns where a variable 
voltage at k>w current is requir^, the new wide-range power 
supply can be used in electron diffraction studies, mass spec¬ 
troscopy studies, research on high intensity screens for 
cathode-my studies, electron microscopy, and projection 
teievii^ eicperimenu. 

The high voltage is attained through the use of a radio- 
treqmacy oadlktor, power amplifier, r-f transformer, and a 
ladder^t;^ voltage tripler circuit. Use of the r-f raurce, about 



40 kc, makes possible reduction of the output ripple to a low 
value by simple filtering means. This minimizes the equip¬ 
ment’s weight (350 lb.) and size (23X84X20 in.). 

The wide-range power supply has been designed with ex¬ 
ceptional stability as to output voltage, ripple, and load 
regulation. Output power, supplied through a 15-ft. x-ray 
cable, is not affected by variations in line voltage or frequency. 
Full compensation is made for ambient temperature changes, 
and precision regulation is attained through the use of two 
regulating loops in cascade. 

A switch on the control panel provides for the selection of 
two ranges; 500 to 5000 volts and 5000 to 50,000 volts. Output 
voltage may be turned on or off by easily accessible, mo¬ 
mentary push buttons. A gravity-operated grounding device 
shorts the output terminals when the high voltage is turned 
off. The output voltage and output current may be read on 
two panel-type meters at the top of the equipment. Controls 
are provided to turn the supply on or off, to adjust the voltage, 
and to adjust the plate current in the oscillator tubes. 

Power requirements are 100-130 volt r.m.s., 60 cycles, with 
commercial stability. Full load power consumption is approxi¬ 
mately 1000 watts. Ripple is between 0.006 percent and 0.04 
percent, depending upon output voltage and load. Drift is 
less than 20 parts per million per minute on the low voltage 
range and less than 100 parts per million per minute on the 
high voltage range,— Special Products Division, General 
Electric Company, Schenectady 5, New York. 


Ultrasonic Generator A new type “CL” (clinical- 

laboratory ) ultrasonic gen¬ 
erator has recently been developed by Ultrasonic Engineering 
Company. The principal feature of the new equipment is tl» 
special convertible “transducer” for transmitting the high 
frequency vibrations to the skin of the patient, or to the speci¬ 
men of tissue or other material under treatment. The trans¬ 
ducer is connected to the generating unit by a coaxial cable 
carrying low voltage (less than 100 volts) high frequency 
current. 
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The base of the transducer comprises a transparent Lucite 
tube, surrounded by a ringr containing the primary winding 
of the step-up Tesla coil, from which a handle projects, with 
the connecting cable leading through it. 

Inside the tube is the secondary winding of the step-up coil. 
The crystal is mounted above the secondary coil upon Nylon 
rods, between Bakelite and glass disks. The tube is closed by a 
cap containing a Bakelite diaphragm 1/100 inch thick, me¬ 
chanically connected with vibrating crystal by oil which 
fills the entire assembly. 

This diaphragm, placed against the skin of the patient under 
treatment, effectively transmits the ultrasonic vibrations 
generated by the crystal, which is one and one-half inches in 
diameter and from approximately one-eighth to one-quarter 
inch thick, depending upon the frequency desired. 

A second Lucite tube is provided, which may be screwed to 
the top of the base assembly and filled with oil, into which a 
test tube or other vessel containing cither solid or liquid ma¬ 
terial to be treated may be immersed. Through this feature of 
convertibility, the equipment is readily adapted to most re¬ 
quirements of clincial or laboratory work. 

The generating unit, operated by standard 115-volt, 60- 
cycle current, uses full-wave rectification with adequate 
filtering. The self-excited oscillator is coupled to the crystal 
circuit, and is frequency<ontrolled by it. Thus the frequency 
of the oscillator is prevented from drifting out of phase with 
the natural perifxi of the crystal, assuring constant and maxi¬ 
mum energy delivery. Power control is adjustable, and is 
metered in the crystal circuit. 

Standard frequency of the generator is 450 kc, with alternate 
crystal and coil available for quick conversion to 900 kc. 
Other frequencies are available upon special order. 

A series of larger models have been developed for industrial 
laboratory and production work and will soon be available. 
Particularly interesting is a model designed for continuous- 
flow processing of liquids in manufacturing applications. 

The new *‘CL” Ultrasonic Generator is designed to provide 
the clinic, laboratory, or physician with compact, flexible, in¬ 
expensive equipment for experimental research or treatment 
work.—ULTRASONic Engineering Company, Dept, 33, Main 
Street and Eighth Avenue, Maywood, Illinois. 


Sound Measurement Model GA-1002A sound 

pressure measurement equip¬ 
ment is a newly designed instrument incorpora'ting important 
structural refinements resulting from the experience acquired 
during manufacture and use of its predecessor. Major improve¬ 
ments include a specially isolated socket tip which effectively 
separates the microphone clamping structure from the pre¬ 
amplifier extension tube. This isolation eliminates mechanical 
resonances that might otherwise result in the extreme high 
frequency range due to standing waves which could be set 
up in the preamplifier extension tube under certain conditions 
of use. The M-101 standard microphone, which is part of the 
equipment, has been re-designed to provide more accurate 
polar symmetry of the mechanical structure, resulting in 
exact acoustic symmetry about the normal axis of the micro¬ 
phone even at frequencies above 20 kc. 



Sound pressures from less than 1 dyne/cm* to 20,000 dynes/ 
cm* (160-db level) may be directly measured, and a times-ten 
multiplier is available for extending the upper range to 200,000 
dynes/cm* (ISO-db level). A built-in calibrating circuit permits 
setting the system gain so that exactly 1 millivolt/dyne/crn* 
is delivered across 10,000-ohm output circuit. 

The acoustic impedance of the standard microphone is 
virtually infinite so that accurate sound pressure measurements 
may be made even in very high impedance environments such 
as inside small enclosures at the higher frequencies. Complete 
lack of phase distortion permits exs^ct reproduction of sound 
pressure transients over the complete audio frequency spec¬ 
trum.— Massa Laboratories, Inc., Cleveland, Ohio, 


Graphic Recorder Model FRA, a direct ink¬ 

recording instrument, auto¬ 
matically plots a curve of any slowly or rapidly changing 
measurable quantity that can be converted into a d.c. or a.c. 
voltage. The measuring ranges can be selected and recorded 
either on a logarithmic or linear scale- 
This recorder may be applied to the fields of acoustics, 
electroacoustics, noise and vibration, loudness, strain and 
pressure, and field strength. 

This instrument is available in 56 double chart speed com¬ 
binations from 45 inches per minute to | inch per hour and 
for recording frequency ranges from 2 to 200,000 c.p.s. 
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It i« completely cased for portable field use or laboratory 
rack mounting in lOi" rack space, incorporates built-in cali¬ 
bration control, and is unaffected by line voltage changes.— 
Sound Apparatus Company, Stirling, New Jersey. 


Electron Multiplier TheFarrand Electron Mul- 

Photometer tipHer Photometer has been 

designed for general purpf)se 
measurement of very low light intensities. Photo-multiplier 
Lubes affording high sensitivities are used as detectors and 
obviate the need for additional amplifiers. 

The main features of tliis photometer are: Selective wide 
range of sensitivity, linear response, measurements in the 
ultraviolet and visible region, dark current balance control, 
constant voltage, stable battery power supply, interchange¬ 
able pboto-multiplicr lubes, flexible utility, compactness, and 
simplicity of operation. 



By choice of a photo-multiplier having optimum character¬ 
istics in the ultraviolet or visible region of the s[iectrum, the 
use of the photometer is readily extended to numerous and 
broad applications concerned with photometry. 

The photometer is comprised of three units: (1) detector, 
(2) power supply and controls. (3) galvanometer. This ar¬ 
rangement makes it convenient to use directly or to attach 
the photometer to various instruments. 

A detailed description of the Farrand Electron Multiplier 
Photometer is contained in Bulletin 804.—Farrand Optical 
Company, Inc., 4401 Bronx Boulevard, New York 66, New 
York. 


Microwave Power The Hewlett Packard Com- 

llf pany announces a new micro- 

wave power meter. The new 
instrument is known as the — hp —430A Microwave Power 
Meter, and is designed automatically to indicate power de¬ 
veloped in a standard liarreter. Power level is read directly 
on a 4** square meter face. No calculation or knob-twisting is 
necessary once range selection and zero set are made. The 
—hp—430A is automatically self-balancing, and may be used 
over any frequency, depending on the associated barreter and 
mount. 

This instrument consists of an a.c. brid^, one arm of which 
is a barreter. The bridge is in balance with zero r-f power in 
the barreter. As r-f power is applied to the barreter, an equiva¬ 
lent ax* (audio) power is automatically removed; thus the 
bridge remains in balance. A vacuum tube voltmeter reads 
the change in audio power level. This meter, calibrated in 
milliwatts, gives a direct indication of the r-f power in the 
barreter. 

The indicating meter is calibrated in dbm in addition to 
the linear milliwatt calibration. The 5 power ranges are se¬ 
lected on a convenient front panel switch. 

From a tedmical standpoint, the new -hp-430A covers a 
power range of from 0.02 milliwatt to 10 milliwatts. Ranges 
are related in 5 db steps, and continuous readings are available 
from •*^20 dbm to +10 dbm (0 dbm equals 0.001 watt). This 



power range may be extended by the use of attenuators or 
directional couplers. Accuracy of the meter is within 5 percent 
of full scale readings. 

This power meter measures 12" wide by 9" high, and is 9" 
deep and is powered by any 115 volt, 60 c.p.s., ax. source.— 
Hewlett Packard Company, 395 Page Mill Road, Palo Alto, 
California. 


Coatingage The "Coatingage” is an 

instrument for measuring the 
thickness of non-magnetic coatings on iron or steel. Measure¬ 
ments are made rapidly, without damage to the coating, and 
the thickness is indicated directly on the meter of the instru¬ 
ment. Two concentric scales cover a range of 0.0001 "*~0.50". 
The instrument's lightweight and self-contained battery power 
supply permit its use in the field as well as in the laboratory 
or on the production line. 

The “Coatingage" head contains a coil, connected in a 
bridge circuit. Coating thickness is measured by the effect of 
changes in the reluctance of the magnetic circuit. When the 
coil is in direct contact with the base metal the reluctance is 



low and the self-inductance of the coil is high. The bridge ta 
then balanced for zero thickness. An increase in the gap be¬ 
tween the coil and the base metal imbalances the bridge, and 
causes current to flow through the indicating microammeter. 

The instrument is housed in a luggage-type carrying case, 
8" high, 9" wide, and 6" deep, weighing 10 lb. Power is fur¬ 
nished by two 67J-volt batteries and one l+volt battery, con¬ 
tained in the instrument. Thickness readings are within 10 
percent of the actual thickness.— Branson Instruubnts, 
Inc., 436 Fairfield Avenue, Stanford, Connecticut. 
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Manufacturers’ Literature 

4 

Sonic Energy—4- page brochure discusses potentialities of 
sonic energy for laboratory and production applications.— 
Ultrasonic Corporation, 61 Rogers Street, Cambridge 42, 
Massachusetts, 

Electronic Counters —4-page catalog is a brief guide to the 
comfiany’s line of high speed electronic counters, scalers, 
counter chronographs, and special electronic frequency meas¬ 
uring and computing equipment. A discussion of the electronic- 
counting principle, methods of count detection, and typical 
applications are included.— Potter Instrument Company, 
Inc., J36-56 Roosevelt Avenue, Flushing, New York, 

Alarms —Bulletin 300 describes various types and applica¬ 
tions of Panalarms, sound and visual alarms which indicate 
failure or abnormal conditions when actuated by a remote 
switch, thermostat, float switch, or other switch.— Pan alarm 
Products, Inc., 7216 North Clark Street, Chicago 26, Illinois, 

Universal Tester —Bulletin M, 4 pages, describes a multi- 
low range universal tester. An S-inch dial indicator is cali¬ 
brated in 4 scales, up to 100 pounds.—W. C. Dillon and 
Company, Inc., 5410 West Harrison Street, Chicago 44, Illinois, 

Manometer —Publication No. TP-30-A describes recent im¬ 
provements in new models of the W and T Precision Dial 
Manometer.— Wallace and Tiernan Products, Inc., BeUe- 
viUe 9, New Jersey, 

Self-Lubricadng Bushings—A 7-page pamphlet describes 
the uses and properties of Graphalloy self-lubricating bush¬ 
ings. These contain no oil, and are particularly useful in 
inaccessible equipment; at temperatures where oil solidifies or 
volatilizes; for current-carrying bearings; for submerged 
bearings, etc.— Graphite Metallizing Corporation, 1050 
Nepperhan Avenue, Yonkers 3, New York. 

Standardization—Pamphlet contains a series of papers on 
the subject "What Good Are Standards?" which were pre¬ 
sented at the 1948 annual meeting of the American Standards 
Association. These papers include discussions of various 
problems, such as the legality of standardization, the stand¬ 
ardization work of the Munitions Board, and the functions of 
standardization in such company operations as purchasing, 
manufacturing, and marketing. Available for tl.OO from 
American Standards Association, Inc., 70 East 45 Street, 
New York 17, New York. 

Hydraulic Cylindent—Catalog Section No. 103, a 20-page 
illustrated booklet, describes all standard hydraulic cylinders, 
with complete diagrams and information. Engineering data 
in the new catalog includes displacements and theoretical 
forces for cylinders.— Gerotor May Corporation, Baltimore 
3, Maryland. 

Metals —24-page booklet, PM 13, is a brief survey of the 
manufacturer's metals, alloys, and chemicals and their uses. 
Booklet available in English, French, and Spanish editions.— 
Murex Limited, Rainkam, Essex, England, 

High Speed Motion and Still Photography— 129-page il¬ 
lustrated IxKjklet (reprints of papers presented at 1948 Con¬ 
vention) describes various high speed cameras as well as 
techniques used by governmental and industrial agencies. 
Specific topics include electrical flash photography and a 
new high speed stroboscope, lamps for high sp^ photog¬ 
raphy, motion picture equipment for very high speed pho¬ 


tography, methods of analyzing high speed photographs and 
the uses of high speed photography in the armed forces, auto¬ 
motive and other industries and research. $1.50,— Society of 
Motion Picture Engineers, 342 Madison Avenue, New 
York 17, New York, 

Socket*Turret —A single-page illustrated bulletin describes 
various types of new and unique terminal structures on which 
the circuit components associated with a vacuum lube may 
be neatly connected directly at the socket.— Vector Elec¬ 
tronic Company, 732 East Third Street, Los Angeles 13, 
California. 

B^loailite —Bulletin No. DT-4 describes the M.S.A. Ex- 
plosilite, a simple and dependable automatic means of warning 
when dangerous atmospheres contaminated by natural gas or 
petroleum vapors occur. This device continuously samples 
the air of a working place, flashing an alternate bright and 
dim red signal light when flammable gas concentrations reach 
a predetermined danger point.— Mine Safety Appliances 
Company, Braddack, Thomas and Meade Streets, Pittsburgh 8, 
Pennsylvania, 

* 

pH Equipment —Circular 1176A describes pH meters, pH 
electrodes, flow, and immersion type assemblies, and mis¬ 
cellaneous accessories.— Central Scientific Company, 1700 
Irving Park Road, Chicago 23, Illinois, 

Edgewise Panel Instruments —A 4-pagc brochure "Elec¬ 
trical Measurements" is devoted to edgewise panel instru¬ 
ments, explaining their desirability for accuracy and a de¬ 
scription of various instruments which are available in the 
edgewise panel case. —Sensitive Research Instrument 
Corporation, 9-11 Elm Avenue, Mount Vernon, New York. 

Vacuum Tube Voltmeter —Bulletin GEC-461 describes 
Type AA-l, vacuum tube voltmeter, with a calibrated range 
of 0.001 volt to 300 volts at all frequencies from 10 cycles to 
1.5 megacycles. This voltmeter is graduated in decibels, cover¬ 
ing a range of —52 to 4-52 db from a reference level of 1 
milliwatt at 600 ohms, and contains a 10-position push¬ 
button switch for selection of any working range instantly.— 
General Electric Company, Schenectady 5, New York, 

High Vacuum Apparatus— The winter 1949 publication of 
DPI features an article on the "Measurement of low pressures" 
and includes other high vacuum techniques of interest.— 
Distillation Products, Inc., Vacuum Equipment Division, 
Rochester 13, New York. 

CBC Recordinga —A 6-page house organ, Vol, 3, No. 1, 
features a description of a new sampling probe (Type 18863} 
for the Consolidated Leak Detector, a description of an auto¬ 
matic high vacuum bakeout oven to speed up and greatly 
improve the cloning process of vacuum system parts, and 
other items of interest.— Consolidated Engineering Cor¬ 
poration, 620 North Lake Avenue, Pasadena 4, Calif of nia, 

UHF Noise Diode — Publication 86-30B describes the Type 
TT-1 temperature-limited diode used as a noise source in 
measuring receiver sensitivity for frequencies up to approxi¬ 
mately 3000 me. Having coaxial-line construction, it is readily 
adaptable to wide-ranp (untuned) coaxial circuits. A maxi¬ 
mum temperature-limited emission of 100 ma enables the 
measurement of receiver noise factors up to about 20 db. 
This brochure is fully illustrated with a photograph of the 
tube, schematics, and characteristic curves.— Eclipse* 
Pioneer Division, Bendxx Aviation Corporation, r«<ef. 
boro, New Jersey, 
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Glass ‘Glass is an inorganic prod¬ 

uct of fusion which has been 
cooled to a rigid condition without crystallizing” (A.S.T.M.). 
Usually 60 percent or more of sand is fused together with 
various percentages of two or more oxides of Na, Ca, K, Pb, 
B. Mg. and Al. About 600 different glasses are made com¬ 
mercially which can be classified into five chemical types of 
silicate glass. 

Soda*Lime glasses have been made for more than 5000 
years, and are still used for 00 percent of all glassware. Their 
raw materials are the least expensive and they are among the 
easiest to melt and shape. Only within the past 40 years have 
they been studied scientifically to improve their properties. 
Silica is used as the glass-forming oxide. NaaO and KjO as 
alkaline fluxing ingredients to lower the fusion temperature, 
and CaO and MgO as alkaline earth fluxing agents to increase 
chemical durability. At the present time 70-75 percent of 
silica is used with seldom more than 17 percent of alkali and 
5-15 percent of alkaline earths. Controlled amounts of minor 
ingredients are used to fit the glasses to different purposes. 

Lead glasses were first pnxiuced in 1675 and have been ex¬ 
tensively used in cut and engraved glassware. Their indices of 
refraction are high and they are used in compound lenjses. 
They also have higher electrical resistivities than soda-lime 
glasses. Today they are used for insulators, in some radio 
tubes, for lenses, prisms, and fine art glass. Lead oxide is a 
good fluxing agent and in percentages from 20-40 it replaces 
most or all of the lime and some of the soda or alkali content. 
Excluding x-ray absorbing and optical glasses, compositions 
are in the range 53-67 percent SiOj, 5-10 percent Na20, 1-10 
percent KjO, 0-6 percent CaO, and 20-40 percent PbO. 

Silica glass (fused quarU or fused silica), 99.8 percent silica, 
can be made by fusing quartz crystals or sand. The fusing 
temperature is high (about vU50“F) so that special melting 
techniques must be used. Also the molten glass is so viscous 
that it is difficult to make it homogeneous and free from 
bubbles. It is difficult to shaf>e and its use has been restricted 
to small and simple forms. It has been used for the envelopes 
of ultraviolet i^ht sources, for chemical laboratory ware, 
combustion tubing, thermocouple sheaths, furnace windows, 
etc. First commercial production was alwut 1910. 

BorosilicaU glasses (1910) are of a type in which the melting 
point of the silica is lowered by the addition of lx)ric oxide 
(BtOi) and aluminia (AljOi) with only the smallest possible 
amounts of alkali. They have high intrinsic resistance to 
corrosion and to thermal shock but are difficult to manufac¬ 
ture and work. Thermal expansion coefficients may be as low 
as 25X10“V®C, whereas soda-lime and lead glasses have co¬ 
efficients around 90X10"'V‘’C. Pyrex laboratory and oven 
glassware are of this type. Present day compositions of com¬ 
mercial borosilicate glasses arc in the range 73-82 percent SiO*. 
3-10 percent Na/>, 0,4-1 percent KtO, O-l percent CaO, 
0-10 percent PbO, ^20 percent BjO*, and 2-3 percent AlgOi. 

Nineiy*six ptreini silica glasses, developed in 1^39, employ 
a revolutionary process in manufacture. An article is formed 
from conventional borosilicate glass and a h^t treatment 
causes the glass to separate into two intermingled phases. 
One phase contains nearly all the alkalies and can be Inched 
out by hot adds to leave a sponge-like glass containing 96 
percent silica and 3+ percent of BsOi. The pore diameters 
average 20A in sire. The leached glass is so refractory that 
subeequent lieating can dose the pores completely without 


any change in the shape of the article even though there is a 
linear shrinkage of about 14 percent. Thus the difficulties of 
working a glass of high silica content are circumvented and the 
resulting 96 percent silica glass is practically as ideal as fused 
quartz. Also large and intricately shaped objects can be made. 
“Vicor” brand glassware is of this type and has such uses as 
range burner plates, crucibles, lal>oralory ware, germiddal 
lamps, thermocouple protection tubes, induction furnace 
linings, and electrical insulation. Such glass can be used at a 
red heat and plunged into ice water repeatedly without 
cracking. 

The above material was abstracted from an article in the 
“Burrell Announcer” written by H. G. Vogt of the Corning 
Glass Works.— Burrell Technical Supply Company, 194Z 
Fifth Avenue, Pittsburgh 19, Pennsylvania, 

CbIIuIoSB Gum Considerable new informa¬ 

tion on the physical and 
chemical properties of Hercules CMC cellulose gum is con¬ 
tained in a revised technical booklet on this chemical, just 
released by the manufacturer. 

Hercules CMC is a refined, odorless, and tasteless grade of 
cellulose gum (sodium carboxymethylceliulose). Solutions of 
this gum can be evaporated to leave flexible films which are 
unaffected by oils, greases and most organic solvents. Certain 
salts and acids react with the gum to give films which are 
relatively insoluble in water. Tensile strength of CMC films 
ranges from 9600 to 11,600 p.s.i., and their percentage elonga¬ 
tion from 1.7 to 4. The film-forming properties are used in the 
formation of barrier coatings on paper board, where it adds 
resistance to penetration of oils, waxes, and ink. This property 
is also utilized in textile sizing and finishing. In addition, it 
also has marked suspending, thickening, and stabilizing prop¬ 
erties. It is used to stabilize oil-in-water emulsions; to control 
viscosity in resin emulsion paints; as an additive to detergents 
where its suspending properties help to eliminate the redep¬ 
osition of dirt; as a thickening agent in latex solutions; and 
as a binder in the ceramic industry in various glaze applica¬ 
tions. The purified food-grade type of this gum is finding use 
in the food and pharmaceutical industries to control vis¬ 
cosities, stabilize emulsions, as a suspension agent, or as a 
water-soluble film-former.— Hercules Powder Company, 
Wilmington, Delaware, 

Plastic Bell Jar Lucite bell jars, developed 

by the manufacturer for use 
in vacuum equipment for precision casting, are now generally 
available in-seven-in. and ten-in. diameters. They can also be 
made on quantity order in other specified sizes for evacuation 
work.— Durable Formed Products, Inc., 6-8 Greene Street, 
New York 13, New York, 

Silicone Fiberglas A sleeve employing silicone 

Sleeves rubber reinforced with Fiber¬ 

glas has been developed for 
flexibly connecting lengths of rigid duct carrying air heated to 
550®F, An internal pressure of ten p.s.i. is withstood at this 
temperature without leakage. The sleeve will also remain 
flexible at temperatures as low as — 75°F. The manufacturer 
18 prepared to supply sleeves in diameters between a fraction 
of an inch and several feet, with the length and wall thickness 
appropriate to the application.— Connecticut Hard Rubber 
Company, 405-9 East Street, New Haven 9, Connecticut, 

Glass Phonolic Grade 170 IjiminaU is char- 

acterized by very low water 

, absorption (0.06 percent) and 

low power factor. Its tensil and flexural strengths are both 
very high, 52,000 and 694 OOO p.a.i., respectively. Its density is 
1.78, and its dielectric strength is 580 v.p.m. It is available in 
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natural color and aemi-giass finish with standard NEMA 
tolerance for grade in thicknesses from in. to 2 in*, 
and sizes 36X36 in. and 36X48 in. The manufacturer suggests 
that the use of this material may eliminate the necessity for 
fungicides and other special handling required for tropical and 
high humidity applications.—Sx. Regis Paper Company, 
Panelyte Division, 230 Park Avenue^ New York 17^ New 
York. 

Insulating Bushings Compression type lead- 

through bushings of steatite 
and Neoprene, designed for use in hermetically sealed trans¬ 
formers and capacitors (including oil-filled types) are now 
generally available. They are stated to have high resistance 
to mechanical and thermal shock even at extreme tempera¬ 
tures, and to be free from tracking tendencies. Voltage and 
current capacities are high for the space occupied.— Lundey 
Associates, 694 Main^ Street^ Waltham 54, Massachusetts. 

Carbide Milling Cutters Carho-MUls form a new 
, series of carbide cutters hav¬ 
ing i-in, shanks. They are made of solid carbide in a single 
piece, cutting heads and shanks being integral. There are 12 
different shapes in the series, chosen to meet the widest pos¬ 
sible range of applications. These mills arc suited to the de- 
burring and machining of parts made from materials that 
are abrasive, tough, or of hardness ranging up to 60-C 
Rockwell. 

The single piece conptniction simplifies the problem of 
balance at high speeds, making possible precise work in in¬ 
tricate or exacting operations. The prices are less than for 
similar mills of two-piece construction; and they can be re¬ 
peatedly reground to give results comparable to new tools at 
each regrinding.— Severance Tool IndU-stries, Inc., 710 
Jofwa Street, Saginaw, Michigan, 

Carbide Blanks Cylindrical carbide blanks 

are available in lots of 50 or 
more in any one of 7 grades of carbide. Lengths range in 
•fi-in, steps from A in. to Ij in., and diameters in A-in* steps 
from A to i in. Ground or unground finish may be specified.— 
Carboloy Company, 11167 East S Mile Road, Detroit 32, 
Michigan, 

Tungsten Powder Tungsten powder of closely 

controlled particle size and 
distribution is now available as a result of newly installed 
facilities for producing tungsten in powder form for the manu¬ 


facture of tungsten carbide tools. This material will contain 
at least 75 percent of individual particles measuring below 5 
microns.— Sylvania Electric Products, Inc., $00 Fifth 
Avenue, New York 18, New Yofk, 

Stainless Steel Permaclad is a composite 

Clad Sheets material in which a 

layer of stainless steel is per¬ 
manently bonded to a carbon-steel backing plate. The stain¬ 
less layer forms 20 percent of the total thickness in sheets up 
to 13 gauge, and 10 percent in heavier gauges. The cost of the 
material is about half the cost of solid stainless in the same 
gauge. The bond strength is stated to be equal to that-of the 
component steels. The clad material is metallurgically correct 
on one side for corrosion-resistant service, and possesses the 
ductility and other desirable properties of the carbon-steel 
backing plate. The standard material (type 304 stainless 
with AISI-I008 backing) can be cold-form^, arc- or spot- 
welded, soldered, drawn, or stamped without separating the 
layers and without loss in the corrosion-resistant properties 
of the stainless steel. Compositions other than the standard 
may be specified. -^AlAN Wood Steel Company, 49 Darby 

Street, Conshohocken, Pennsylvania. 

\ 

Phosphor Bronze Wire By special procestdng the 

manufacturer has increased 
the tensile strength of '*Grade-A^’ phosphor bronze wire by 
at least 10,000 p.s.i. over established standards, and increased 
the tensile strength of “Grade-E^’ to the values covered by 
standard specifications for *‘Grade-A." Both types can be 
had in diameters from 0.0159 in. to 0.182 in., making available 
to spring makers a better product at no increase in price, 
according to the manufacturer.— Riverside Metal Com¬ 
pany, Riverside, New Jersey, 

Centrifugal Castings Cylindrical steel castings, 

free from defects and of uni¬ 
form quality, are available in specified alloys. The centrifugal 
casting process used is licensed on an exclusive basis from 
Firth-Vickers Stainless Steels, Ltd. Castings up to 42 inches 
diameter and in lengths up to three feet (depending on di¬ 
ameter) can be supplied. The work is handled in permanent 
metal molds and the desired heat treatment is applied during 
the process. The finished casting is machined to remove sur¬ 
face skin and the scale resulting from heat treatment, and 
examined by x-rays to insure freborn from structural defects. 
The user employs this blank to machine whatever finished 
parts are required.— Lebanon Steel Foundry, First Avenue 
and Leaman Street, Lebanon, Pennsylvania, 
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The general theory of magnetic focusing in a plane developed in a previous paper is extended to 
asymmetric cases. The general asymmetric case being developed, several particular examples are 
considered, including one which eliminates second-order aberrations, and requires a smaller magnet 
than the normal design. Methods of minimizing aberrations are discussed. 


L INTRODUCTION 

I N a recent paper^ a theory of magnetic focusing 
of charged particles in a plane was developed. 
It is based on an ideal magnetic field of such a 
boundary shape as to produce perfect focusing, as 
shown in Fig. 1. Here the field boundary M is 
symmetrically shaped so that monoenergetic ion 
beams leaving a source S are deflected so as to 
focus perfectly at T, The equation of If is a 
function of the parameters a and and is given by: 

y =« x{a — 

In the theory was developed a method for calcu- 
lating the aberration, dispersion, image widths, etc., 
produced by any approximation to the ideal curve. 
Among the several practical approximations con¬ 
sidered were the norma! case^—being the line 
through 0 tangent to the ideal boundary as shown 
by N, which is the type of focusing currently in 
common use—and the inflection case—being the 
line F tangent to the ideal boundary at its inflection 
point. The inflection field eliminates second-order 
aberrations, yet requires a smaller magnet for the 
same resolving power. 

In all of these cases, the discussion was confined 
to approximations which were symmetrical about 
the y axis. It is the purpose of this paper to show 
how further practical improvements may be ob¬ 
tained by using non-symmetrical fields. In designing 
these, we may use the technique, familiar in optics, 
of balancing a positive aberration produced by one 


boundary with a negative aberration produced by 
the other. 

In Fig. 2, iW is the ideal field boundary and (7 is 
any curve coincident with M at P. Then any ray 
from 5 entering the field defined by C at a point 
other than P will pass through an interval of 
magnetic field w which will cause it to be aberrated 
from the foc:using point P. We introduce an axis 
tangent to the ideal curve M and call k the abscissa 
along the axis. Then if we designate the ordinate 
of M with respect to k as f(k), and that of C as 
F(k), we have: 

w^F(k)-f(k). 

If, using the magnetic field boundary C on the 
left, we wish to focus all beams at P, then the point 
where an extra-P beam leaves the field boundary 
on the right must not be on M, but a distance w' 
from it, such that the aberration produced by 
is equal to that produced by w, but of opposite 
sign. Although not immediately obvious, it may be 
shown that, to the degree of approximation to be 
considered, w* must equal —w. By finding ti;' for 



^Larkin Kerwin, Rev. Sci. Inst 20, 36 (1949). 
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Fxo. 1. Ideal magnetic focusing field. 
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Fig. 2. C is any approximation to the ideal curve Af; D is 
the corresponding approximation which corrects defocusing 
produced by C. 

each ray we establish a curve Z>, which differs from 
M by tv' and corrects the defocusing effect of C. 
Placing the equation D equal to E(J) where the j 
axis is tangent to the ideal boundary at the point 
Q where the ray through P leaves it, we have: 

Remembering that/(/i) =/0‘), we therefore have, 
as the condition for correct^ focusing, 

F{k)+E(j)^2fik). 

Expanding these functions in Taylor series at 
the points P and Q, neglecting 4th-order terms, 
and remembering that/'(^) = 0 and that = to 
this degree of approximation, we have 

2[(AjfcV2)/"(fe) + (AiV6)/"' (fe) ] 

- Afe[F'(*) +£'(*)]+A*V2C(P"(ii)+£"(i)] 

+A/feV6CP'"(/fe)+£'"0-)]. (4) 

Equation (4) enables us to determine the exit 
boundary shape D which will correct aberrations 
produced by an entrance boundary shape C. 
Several practical examples of this asymmetric 
arrangement will now be considered. 

n. NORMAL CASS CORRECTIONS 

In the case of the normal approximation, the 
curve C becomes a straight line tangent to the 
ideal boundary at P, as shown in Fig. 1. Accord¬ 
ingly, P(Jt)=“0, and Eq. (4) simplifies to 

2[(AkV2)f"(k) + (/AkV6)f'"(k)] 

= AkE'U) + (AkV2)E"(j)+(^/^/6)E'"(j). 

Therefore, since £'(j) = 0, we see that the curve D 
must have the same slope as the ideal curve at the 
point Q, where it coincides. If Z7 is to be approxi¬ 
mated by a circle, then we neglect third-order 
terms, and have 

(AifeV2)£"C7)-Ajfer'(ft). 

If we insert the geometric conditions developed 
in the reference cited‘ we find for the radius of 
curvature of the circular approximation to D : 

2?rf»i?o(cot*fl)/2, 



Fig. 3. Aberration produced near P is negative, that produced 
near K is positive. 

where is the radius of curvature of the ion beam 
in the magnetic field A magnetic field bounded by 
a straight line on one side and an arc of a circle of 
radius Rd on the other, these boundaries being 
located according to the theory just discussed, will 
produce third-order focusing. That is, second-order 
aberrations wilh be corrected. Using the same 
procedure we may verify the case previously sug¬ 
gested,^ that an entrance field boundary in the 
shape of a circle of radius Rq cot^O may be corrected 
by an exit field boundary in the shape of an arc of 
a circle of the same radius. 

m. INFLECTION CASE CORRECTIONS 

In the inflection approximation, the curve C 
becomes a straight line tangent to the ideal bound¬ 
ary^ M at its inflection point. Here again 
and in addition /"(fe) =«0. 

Equation (4) therefore simplifies to 

(AfcV3)/'"(ife) - AAE'C;) + (AitV2)£"(i) 

+ (Ai»/6)£'"(j). (5) 

From this we see that the curve D must have the 
same slope as the ideal curve M at the inflection 
point, and further that D must be an inflection 
curve with the same inflection point as M, If we 
wish to eliminate second-order aberrations, then 
we drop third-order terms and D becomes simply a 
straight line, i.e,, the inflection case already dis¬ 
cussed. 
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* In a recent paper (Froc. 7th Solvay Congrea, Bnuwek, 
1947), Dr. Kenneth T. Bainbrid^ propoaee such a focusuii 
field. We thank Profetior Bainbndge for an advance copy <2 
the manuscript 
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In the reference cited, it was shown that third- 
order aberrations may be made to average zero by 
using entrance and exit boundaries in the shape of 
arcs of circles tangent at the inflection point and of 
radius given by 

R^iAk/f'ix), 

where/(*) is given by Eq. (1). Equation (S) points 
to the fact that we may make the third-order 
aberrations average zero by curving only one 
boundary. To eflfect this it is necessary that 

£'"(i) = 2/"'(A) 

to the approximation considered. If therefore the 
exit boundary shape is that of a circle of radius 

R,> = 2Ak/f'"{x), 

then the average of the third-order aberrations 
over a region ±Ak will be zero. 

We note that the radius used depends on the 
portion of the boundary utilized—i.e., the width of 
the beam. Also, that as Ak is plus or minus (on one 
or the other side of the central ion trajectory), the 
radius reverses sign, i.e., the boundary shape is 
that of two circles tangent at the inflection point. 

IV. ASYMMETRIC IDEAL FIELD 

In Fig. 3 we consider the ideal field as consisting 
of two halves joined along the y axis. The left half 
deflects the divergent beam from S into a beam 
parallel to the x axis, while the right side deflects 
a beam parallel to the x axis into a beam focusing 
at T, Obviously any section of the left side might 
be combined with any section of the right side to 
produce perfect focusing. 

Another method of reducing aberrations is there¬ 
fore based on the observation that the normal or 
inflection case approximations produce a residual 
aberration of one sign or the other depending on 
whether the concave or convex part of the ideal 
curve is approximated. We may therefore obtain a 
better correction if we combine the convex part of 
the boundary P, at the entrance, with the concave 
section K, at the exit. 

In order to correct, say, second-order aberrations 
in this way, it is necessary that the 2nd-order term 
component of w at P should equal the second order 
term component of w' at K, This means that the 
radius of curvature at P should equal that at K. 
This enables us to locate the point K, but since 
the equations involved are very cumbersome, we 
may use a simpler method of finding K which is 
^ustrated for the normal case. 

In Fig. 4A the ideal curve is shown at M, dhawn 
with respect to new axes a and b, through the 
ini^tion point F. Then the equation of the ideal 
curve with respect to these axes may be represented 


Table I. 


9 

R 

acjC 

yx 

9* 

k 

30** 

0.500a 

0.0890a 

0.165a 

10.2** 

0.329a 

45** 

0.707a 

0.193a 

0.223a 

15.7** 

0.459a 

90** 

1.000a 

0.628a 

0.300a 

38.0** 

0.490a 


by: 

whence: 
and 


b—Aa*+Ba*-i -, 

6'-3^o*-l-4Bo*-f---, 


6" = 6i4o-fl2Sc*+--. 

Therefore the radius of the curve at Oi is given by: 

(l-l-9i4»Oi«)‘ 

Ri— -. 

6Aai+l2Bai* 


If we place — a», we have: 

Ri — A(i-\-2B(i^ 
Ri Aa-\-2Ba* 


We see, therefore, that if a is small, or B is small, 
then Pi = —Pt. In the case considered here, 4th- 
order terms are neglected, i.e., B is small, so that 
we see that Pi will equal — Pj when Oi= —c». In 
this case, we see that ti' = &»'. Referring back to 
Fig. 3, we see then that the ideal curve will have 
the same radius of curvature at P as at Q when the 
slope at K equals that at Q. This slope is given by 

a} sin*tf—2xP*-l-x* 

tan^ -- 

(o* 8in*tf—**)• 


from which we may easily calculate xk by numerical 
methods, and draw through it the line A with slope 
tan^. It is then only necessary to match the central 
ray through P with the central ray through K, and 
we have an aplanatic combination, as shown in 
Fig. 5 for the general case. 

From this figure we see that the distance h is 
still necessary to completely determine the exact 



Fig. 5. A combination of negative aberration produced 
near P and positive aberration produced near K gives an 
unabercated unage at T. 
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Fig. 6. Comparison of normal focusing and compensated 
aberration fields. 

location of K, This is obtained by putting 
h^R cosff'-yKf 

where yjc is obtained by using Eq. (1), and is 
determined by 

xk’^R sin^', 

where, of course, J? = asin^. 

These various calculations have been made for a 
number of instruments, and are given in Table I. 

These cases are shown in Fig. 6, with the normal 
case dotted in for comparison. In addition to the 
reduced aberration, we see that this field possesses 
the further practical advantage in being consider¬ 
ably smaller than the normal field, permitting the 
use of much smaller magnets. 

V. MINIMIZING ABERRATIONS 

The various approximations to the ideal magnetic 
field boundary discussed in this theory have this in 
common: the central ion beam passes thnough the 
points of coincidence between the ideal boundary 
and the approximation and hence is not aberrated, 
while rays to either side of the central ray are 


aberrated by an amount which is a function of their 
distance from the central ray. For all practical 
purposes, the aberration of an instrument is its 
maximum aberration, which is provided by the 
outer rays of the beam. It is possible to reduce the 
instrument's effective aberration by reducing this 
maximum aberration, at the expense of aberrating 
the central rays. In other words, it is possible to 
minimize the maximum aberration by simple 
methods, which will be illustrated for the inflection 
case. 

, It has been shown^ that the aberration is propor¬ 
tional to the y component of the displacement of 
the approximation from the ideal curve. This in 
turn may be shown to be a function to the w 
component parallel to the central ion trajectory as 
it enters the field. In Fig. 4B which shows the 
inflection approximation F to the ideal curve M we 
see that the maximum aberration is due to the 
component w. If instead of F, however, the line H, 
at an angle with F, were used as the effective 
field boundary, then the maximum aberration 
would be due to w\ The condition for which 
will be a minimum is best found by averaging the 
squares of the deviations and finding the condition 
for which the average is a minimum. We thus have: 

/Aik I w*Hk, 

where 

w' l/6/'"(jc)A/k®—A^ tan/5, 

whence 

f''Hx)Ak* 2f"ix)Ak* Aife»tan* 
-+-. 

252 30 3 

From this we easily find, as the condition for 
minimum aberration, 

tan/S-C/'"(*)*V10]. 

If the inflection held boundaries are tilted so as 
to coincide with H, the aberration will therefore be 
reduced by a factor of about 2. 
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An apparatus to regulate the elevated temperatures produced by high frequency induction heating 
is described. The regulation is achieved by varying the inductance in series with the work coil in 
such a way as to hold the current through the work coil constant. Except for a negligible error due to 
a small percentage change in frequency, the energy transferred to the work (in applications described 
in this paper) can be held constant. 


INTRODUCTION 

A PROGRAM of research on the structure and 
thermodynamic properties of inorganic solids, 
liquids, and gases at very high temperatures is 
underway in this Laboratory. This program in¬ 
cludes : vapor pressure measurements,' calorimetr>%® 
and structure studies by x-ray diffraction.® 

The use of high frequency induction heating has 
been developed as the principal source of energy to 
carry out the aims of this research because this 
method of heating is particularly well suited in the 
temperature range 1000°“3000®K. Employed as 
generators are two 3-phase, 15-kilowatt, General 
Electric electronic heaters which operate at a 
frequency of 500 kilocycles. The power output of 
these units is varied by changing the plate voltage. 
For this purpose, the manufacturer has supplied 
only six voltage taps on the primary of the high 
voltage transformer in the power supply for the 
oscillator, thus making available only six differ¬ 
ent outputs for a given experimental set-up. 
However, two requirements are necessary for satis¬ 
factory application of these generators to high 
temperature research: (1) The power output must 
be continuously adjustable to any value desired 
within the rated capacity of the generator; (2) the 
energy supplied by the generator must be regulated 
in such a manner that the temperature of the object 
being heated is maintained constant with the 
necessary precision. 

The problem of designing a suitable device to 
satisfy these requirements is greatly simplified by 
the fact that the methods'-^ employed in deter¬ 
mining the vapor pressure, heat capacity, and high 
temperature crystal structure of a substance, lead 

* This work was carried out under contract between the 
ONR and The Ohio State University Research Foundation. 

' Holden, Speiser, and Johnston, J. Am. Chem. Soc. 70, 
3897 (19485. „ . 

® Speiser, Ziwier, and Johnston, ‘‘Induction Heating Ap¬ 
plied to High Temperature Thermodynamics,” Fall Meeting 
of the American Chemical Society, New York City, 1^947.* 
’IMwanis, Speiser, and Johnston, Phys. Rev. 73, 1251 
(1948), 

* R; Speiser, Ohio State Univ. Eng. Exper. Station News 
19 ,12 (^§ 48 ). 


only to a negligible change in its mass and emis- 
sivity. Also, the efficiency of heating is not critical 
because the mass of the object being heated is 
seldom greater than 50 grams and the power cost 
in research of this type is insignificant. 

It was found that by placing a variable induct¬ 
ance (hereafter called a variometer) in series with 
the work coil (see Fig. la), the current flowing 
through the work coil, hence the energy, could be 
varied over limits wide enough to satisfy experi¬ 
mental requirements. In addition, fluctuations in 
the r-f current in the work coil due to fluctuations 
in the line voltage (which lead to temperature 
fluctuations) could be reduced to negligible propor¬ 
tions by small changes in the inductance of the 
variometer. 

APPARATUS 


A variometer was designed to have a maximum 
inductance of 35 percent of the total inductance in 
the tank circuit of the oscillator. The variometer is 
made of two helices of 13 turns each and of different 
diameters. The helices are connected in series with 
opposing windings and are arranged, one within the 
other, so that the smaller helix can be moved along 
the common axis with reference to the larger, 
stationary helix. A diagram of the variometer is 
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Table I. 


Variometer 

inductance 

Plate voltage 
tap setting 

pyrometer 
temperature ®C 

Minimum 

1 

1153 

Maximum 

1 

1239 

Minimum 

2 

1229 

Maximum 

2 

1363 

Minimum 

3 

1300 

Maximum 

3 

Washer melted 


shown in Fig. 2. The coils are made of }-in. o.d. 
copper tubing through which cooling water is circu¬ 
lated and are wound on low loss plastic frames. 
The upper, movable coil is rigidly supported by a 
plastic arm attached to a counter-weigh ted brass 
carriage. The carriage is driven up or down through 
a gear train and rack and pinion (reduction ratio 
6030:1) by a small d.c. motor whose sense of 
rotation depends upon the polarity of the d.c. 
signal applied to the armature. The speed of the 
motor can be varied from 100 revolutions per 
minute to 3000 revolutions per minute by varying 
the voltage across the armature of the motor. ^ 
Limit switches prevent the moving coil from travel¬ 
ing too far up or down. The entire assembly is 
mounted upon a micarta base IJ-in. thick. To 
prevent heating by r-f radiation, all parts of the 
variometer to the right of the dotted line are made 
of low loss plastics. The variometer parts to the 
left of the dotted line are made of brass. 



‘At present, a Delco motor, 27.5 v. d.c., taken from a 
Sperry Automatic Pilot is being used. The field of this little 
motor IS a permanent magnet. 


The range of the variometer was checked by 
heating an J-in. iron washer, IJ-in. diameter, in a 
work coil of 5 turns, made of j-in, copper tubing, 
2i-in. diameter and 2i-in. long; the data obtain^ 
are given in Table I. These data show that there is 
a satisfactory overlapping of the available power 
at each plate voltage setting in the oscillator. Thus 
a continuous range of output energies are available 
instead of the six fixed values built into the set. 

If the variometer is connected as a transformer, 
as illustrated in Fig. Ic, temperatures from as low 
a few degrees above room temperature up to the 
highest temperature obtainable with the variometer 
connected as shown in Fig. la, are available without 
changing the coupling of the work coil to the load. 
Hence, a continuous range of temperatures from 
about room temperature to about 3000®K is avail¬ 
able through the use of the variometer. The ability 
to reach lower temperatures through the use of the 
variometer is especially important in case of the 
high temperature x-ray work since the need for 
another type of camera (perhaps resistance heated) 
to bridge the gap from room temperature to 900®C 
is thus eliminated. 

RBGULATION OF TEMPERATURES 

Fluctuations in the line voltage lead to small 
fluctuations of the r-f current flowing through the 
work coil. These lead in turn to temperature. 

Table II. Automatic regulation of temperature* 


Tline(min.) 

nc 

v(voiU) 

With regulation 

0 

1331 

206.5 

3 

1336 

207.0 

4 

1332 

206.5 

5 

1330 

207.0 

8 

1330 

206.0 

12 

1333 

207.0 

16 

1330 

205.5 

21 

1331 

205.0 

29 

1333 

208.0 

Without regulation 

30 

1332 

207.5 

32 

1334 

208.0 

35 

1340 

208.0 

36 

1338 

208.0 

38 

1342 

208.5 

42 

1351 

208.5 

46 

1340 

208.0 

51 

1345 

208.0 

53 

1351 

208.5 

60 

1336 

207.0 

With regulation 

62 

1332 

208.0 

64 

1332 

208.0 

• 66 

1333 

209.0 

68 

1333 

209.0 

70 

1335 

209.5 

72 

1332 

209.5 

74 

1331 

209.0 

75 

1332 

210.0 


• Tantalum Knudten cell 2<m diani. by 2-cm loni. in a 
■ix-tum work coU 3-cm dlam. mad« of |*m. copper tuplitt, Tte Miimliiy 
WM mounted in a metal vacuum cell whole preilture wMhieilhiui 
mm Hg. The temperature wai meaeured with au optm pyw m a tw r* 
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fluctuations of the sample being heated. However, 
small changes in the variometer inductance can be 
made to counter these deviations so that the 
temperature is held constant. This can be accom¬ 
plished manually or automatically. In manual 
operation the temperature is frequently observed 
with a pyrometer and the inductance of the motor- 
driven variometer is adjusted so as to maintain the 
temperature constant. Temperature control with a 
precision of 0.2 percent is accomplished in this 
manner. 

A servo-mechanism to maintain constant current 
in the work coil is shown diagrammatically in Fig. 3. 
In the Appendix it is shown that, except for a small 
term that is of negligible magnitude, the power is 
held constant** when small changes are made in the 
variometer inductance to compensate for supply 
line voltage fluctuations. The slight error is due to 
the small changes in frequency that occur when 
the variometer inductance is changed. 

A toroid is mounted on a straight portion of one 
lead from the oscillator so that the plane of the 
toroid is perpendicular to the lead, which is coaxial 
with the toroid axis. The toroid signal is rectified, 
filtered, and balanced against a standard reference 
potential corresponding to the desired temperature. 
The difference or error signal is impressed upon a 
galvanometer, G, and a light beam reflected from 
the galvanometer mirror activates one of two 
photo-cells, the photo-cell being activated depend¬ 
ing upon the direction of unbalance. This d.c. 
signal is amplified so as to actuate a relay which in 

•* It can be readily shown that at high temperatures if the 
power flowing into the work is held consUnt, the temperature 
will be held constant too, with rather high precision if the 
characteristics of the work being heated do not change. This 
is true as long as the difference is great enough between the 
temperature of the work and the environment. Under these 
cemSiticmB, the steady state temperature of the work is 
to fluctuations of the enwronment temperature. 


turn applies a d.c. voltage to the motor M. The 
motor, in rotating, changes the inductance of the 
variometer in such a way as to oppose the current 
change in the work coil. 

The effectiveness of this method in holding the 
temperature constant can be judged from the data 
listed in Table II. The voltage given in the third 
column is the primary voltage of the transformer 
used in the high voltage power supply for the 
oscillator. The temperature regulation is as good 
as the precision of the optical pyrometer, i.e., 
0.1 percent. 

APPENDIX 

The induction heating circuit shown in Fig. la can be 
represented by the equivalent circuit* shown in Fig. lb. 
Except for inclusion of the variometer inductance, the 
relationship between the generator voltage, Vp, the primary 
current. Ip, the resistance of the work being heated, its 
inductance, L», and the mutual inductance between the work 
and work coil, M, is given by Eq. (9.03) of reference 6: 

(I) 

The power consumed by the work is 

i’-VA/e. (2) 

where 

Fluctuation of the line voltage leads to a change in the 
generator voltage, V„ and consequently in I, as shown by 
Eq. (3). 

(3) 

If the variometer inductance, is varied, then due to the 
consequent change in frequency, w(w«2r/), Rp and R, are 
changed (R^P), and from Eq. (1), 

. ,d[/l:,+j«(I„+L.)+(«JI/)V(Jl.+i»L.)] . ... 

+/,-- -0. (4) 

•Brown, Hoyler, ^d^Blerwith. TWy sMd Applicati<m o 
^$qmncy H^aHng (D. Van NosUmnd ComsNiny, New York, 1947), 
Chapter 9. 


y ip 
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However, during regulation. is automatically adjusted so 
that dip in £q. (4) is made equal and opposite Co dip in £q. 
(1), This variation in in order to keep Ip constant, causes 
a variation of the frequency so that P in £q. (2) is not held 
quite constant and there is a change. 

dP^IpH{AR). (5) 

which will be shown to be negligible. 

Substituting the value of dip in Eq. (4) into Eq. (3), 
d{/iR) can be obtained. 


d(Aie)-dr 




( 6 ) 


If (jiLt/Rt is set equal to then Eq. (6) can be written as 




2iiP Q 




L,* (!+<?)» 


dR,. 


(7) 


But the fractional error in power control will be 


dP/P^d(^R)/AR (8) 


and 

d(£^R) <?-ldR. 2 d^ 

A/e <?»-f 1 R» (?»+l « * 

It can be readily shown that d{^R)/AR**^ is a negligibly 
small quantity. The Q of the secondary circuit is much larger 
than unity for the frequency range ('M).S Me) employ^.* 
Thus the magnitude of the factors involving Q in Eq. (9) arc 
less than unity. The maximum change in the frequency, as a 
result of changes in to compensate for line vol^e fluctua¬ 
tions in order to keep the current Ip constant, is approximately 
1000 cycles per second. Now the resistance. /?«. varies as the 
square root of the frequency (reference 6, p. 93). hence. 
dR,//C,M).00l; the value of the second term in Eq. (9) is 
• X0.002, and assuming dP/P'^:t0Mi2. The 

fluctuation in temperature as a result of this fluctuation in 
power is dT/T»dP/4Pf**dtz0.0003. Thus, as is evident from 
Table II. the servo-mechanism described in this paper can be 
expected to regulate the temperature to 0.1 percent or better 
as long as the characteristics of the sample l>eing heated do 
not change. 

♦♦♦The result given in Eq. (9) could also have been directly derived 
from Eq. (2). but at a Iqss, perhaiM. in the clarity of presentation of the 
working theory of the regulator. 
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Ten-Mev Cyclotron* 
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A beam of ten-Mev deuterons of about i pa has been focused on an area i in. in diameter at the 
center of a 2-ft. diameter reaction chamber 15-ft. away from the cyclotron. In the center of the 
reaction chamber a gas target is supported with side ports so constructed that nuclear reaction 
products from the gas can be counted by a proportional counter mounted at the periphery of the 
chamber. The counter can be rotated through a Wilson seal to make any angle with the beam in the 
horizontal plane. At the exit of the reaction chamber a Faraday cup is supported. This can be removed 
to allow the beam to pass between the poles of an analyzing magnet for energy measurements. Tests 
with charged particle detectors such as a proportional counter or photographic plates show the 
background to be sufficiently low to allow good resolution of the pr^ucts from the d-d reactions. 

Using the d-d reaction as a neutron source, background neutrons above 12 Mev are only about ten 
percent. However, the bact^round neutrons above one Mev amount to about 25 times the neutrons 
from the d-d reactions. 


I. INTRODUCTION 

HE high neutron and gamma-ray background 
in the immediate vicinity of cyclotrons makes 
many experiments impossible. In order to avoid 
this difficulty the beam from the Los Alamos cyclo¬ 
tron has been brought out and focused at the center 
of a reaction chamber 15 feet from the cyclotron 
and so located that the three foot water and paraffin 
shield lies between the reaction chamber and the 
cyclotron. Figure 1 shows a diagramatic layout of 
the apparatus. The deflected beam enters a wedge 

* Thw document U baaed on work performed at Loa Alamoa 
^ntific Laboratory of the Univeraity of California under 
Government Contract W-7405-eng-36. 

*• Now at Collina Radio Company, Cedar Rapida, Iowa. 


shaped focus magnet about six feet from the beam 
exit port of the cyclotron.* From there the beam, 
diaphragmed to about deg., passes into the 
center of a two-foot diameter reaction chamber. 
The target is mounted in the center of this chamber. 
In most of the experiments done to date, gas targets 
have been used. These are constructed with a beam 
entrance and exit port and a side port for particle 
counting. A proportional counter is mounted in the 
reaction chamber on a movable arm through a 
Wilson seal in the base of the chamber. The counter 
can be rotated to make any desired angle with the 
beam so that it can count the reaction furoducts 
produced by the beam. 

* L. S. LsvatelU, Los Alamos Report LADC-t28. 
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Fta 1, Diagram of apparatus 
with enlargement of gas target. 



On emerging from the reaction chamber the beam 
enters a Faraday cage section. From time to time 
the energy of the beam is determined by lifting the 
Faraday cup out of its path and allowing it to 
pass through slits and then between the poles of an 
analyzing magnet. A simultaneous measurement of 
the deflection of the beam and the magnetic field 
gives the deuteron energy. 

n. FOCUS MAGNET AND FOCUSING BEAM 

The focus magnet used in these experiments was 
designed and constructed by Feynman, Lavatelli, 
and Sutton.^ It consists of a focusing wedge which 
deflects the deuteron beam through 32 deg. on a 
radius of curvature of 46 cm. The magnet was 
designed to provide horizontal and vertical focusing 
at a first order focal distance 300 cm from the 
wedge. The field of the focus magnet is held con¬ 
stant during an experiment by electronic controls.^ 

In order to determine the best focal distance and 
arrangement of the focusing magnet with respect 
to the reaction chamber, a television camera was 
used for continuous observation of the focused spot 
of deuterons as observed on a willemite (zinc 
orthosilicate) screen placed at the end of a tele¬ 
scoping exit tube. 

The beam is defined by the opening of the focus 
magnet chamber to an area five in. wide by J in. 
high. After focusing, and under optimum operating 
conditions, a beam of six pa of ten-Mev deuterons 
can be obtained over an area i in. wide by | in. high. 

Since the target is located at the focus point of 
the magnet, the beam converges as it enters the 
scattering chamber and diverges as it leaves. In 
order to confine the beam to a known direction, 
a slit in. wide by if in. high is placed between 
the focus magnet and the scattering chamber, and 
a gold diaphragm with a f in. hole is placed at the 
entry port of the gas target. The t^m is thus 
defined to rbO.63 deg, in the horizontal and ±0.53 
d^. in the vertical direction. Under these condi¬ 
tions about f Me of beam can be obtained through 
the f-in, h ole. 

^ H T Gitdngs, Lot Alamos Report LAD&503. 


To determine the exact direction of the beam as 
it passes through the gas target chamber, a small 
aperture (f in. diameter) Faraday cup is mounted 
on the proportional counter. This is moved through 
the beam and the current picked up by the cup 
monitored by a d.c. amplifier and a meter. Thus, 
the angular spread of the beam can be measured 
and its angular direction in passing through the 
scattering chamber determined. A sample curve of 
the angular spread is shown in Fig. 2. This is the 
spread expected from the geometry of the experi¬ 
ment. Rutherford scattering due to the front 
window of the gas target did not appreciably in¬ 
crease the angular spread, since only about 2.5 
percent of the beam is scattered more than one 
degree. 

m. THE REACTION CHAMBER ASSEMBLY 

Figure 3 is a side view assembly drawing of the 
reaction chamber and proportional counter. The 
reaction chamber proper, pump out leads and side 
ports are of welded steel construction. The lid of 
the chamber is a in. thick safety glass plate 
which rests on two J-in. by J-in. rubber gaskets 
which are countersunk in J-in. deep grooves in a 
ring around the edge of the chamber. At one time 
a one-in. thick plate glass lid was used and it held 
under atmospheric pressure. However, the heat 


Fig. 2. Spread of beam 
after passing through gas 
target. One scale division 
corresi^nds to ^in. 
Beam is limited by a f-in. 
hole at entrance of gas 
target 7^ in. in front of 
the position where spread 
is measured. 







390 


CURTIS, FOWLER. AND ROSEN 



Fig. 3. Assembly drawing of reaction chamber. 


from a photo-floodlight left over it produced enough 
strain to cause it to shatter under atmospheric 
pressure. 

The bottom of the chamber is a i-in. brass plate 
which has a J-in. gasket groove to make a vacuum 
seal to the chamber. In the center of the bottom 
plate is a Wilson ^1 through which the propor¬ 
tional counter can be rotated at the desired angle 
to the beam in the horizontal plane. The lead to 
the counter passes through the center of its sup¬ 
porting arm. The counter is so mounted that it can 
be adjusted in height relative to the base plate. 
The high voltage connections and preamplifiers 
which can be seen in Fig. 4 are supported at the 
end of a two-in. tube which passes through the 
Wilson seal. Mounted within the reaction chamber 
at about the top of the proportional counter is a 
ring accurately graduated in degrees from 0-360 
deg. 

Included in Fig. 1 is a drawing of a typical gas 
target which is supported on a mount above the 
base plate so that it can be lined up with the 
geometrical center of the reaction chamber. The 
windows over the ports are mica of thickness from 
one to three mg/cm*. The target is so constructed 
that the proportional counter can only see the 
beam where it is bombarding the target gas, and 
hence the charged particle background due to 
bombardment of windows, etc., is * eliminated. 
Similar targets have been constructed in which the 
side ports make angle of 20 deg. and 30 deg. with 
the beam axis. These targets are water cooled. 

Figure 4 is a photograph of the reaction chamber, 
showing the beam entrance tube, Faraday cage 
section and analyzing magnet. 

XV. FARADAY CAGE 

In order to determine absolute deuteron cross 
sections, one has to accurately measure the number 
of deuterons in the bombarding beam. For this 


purpose a nine-in. long Faraday cage IJ in. in 
diameter is supported in the six-in. tube at the 
exit of the scattering chamber (Fig. 1). The Faraday 
cage is supported by a rod through a Wilson seal so 
that it can be removed from the path of the beam 
when a measurement of beam energy is made. The 
Wilson seal, and therefore the Faraday cage, was 
insulated by Lucite from ground. Permanent bar 
magnets arranged on the outside of the vacuum 
system produce a small magnetic field ^rpendicular 
to the direction of the beam in the vicinity of the 
back of the Faraday cage in order to prevent 
secondary electrons from escaping from the cage. 

The deuteron current collected by the Faraday 
rag<> is measured by an electronic current inte¬ 
grator,* the Faraday cage being held at a negative 
potential to prevent secondary electrons produced 
by the beam in its path from reaching the Faraday 
cage section. Tests were made on the current as a 
function of the negative potential where the beam 
was monitored by the He* particles produced in a 
gas target and counted by the proportional counter. 
Within the accuracy of this measurement the He* 
counts per current integrator count were inde¬ 
pendent of this bias between —40 to —120 volts. 

During an experiment in which the deuteron 
current must be known accurately, the current 
integrator is calibrated (at approximately four-hour 
intervals) under as nearly as possible the same 
conditions as it is used. The Faraday cup is con¬ 
nected to ground through a very high resistance. 
The negative potential at which the cup is held 
causes a current to flow through the current inte¬ 
grator and this current is measured either with a 
calibrated galvanometer or with a standard resis¬ 
tance and type “K" potentiometer. With the cur¬ 
rent constant a timed run is taken with the current 
integrator. This procedure is repeated with different 
values of resistance and hence different values of 
current until one has a calibration curve over the 
current range expected in the experiment. For most 



Fig. 4. Photograph of the reaction chamber, Faraday cage 
aectioo, and an^yzing magnet. 


* H. T. (Httings, Los Alamoa Report LADC-920^ 
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Fig. 5. Slit system and analyzing magnet for 
energy measurements. 


experiments the deuteron current is from 0.1-1.0 me. 
With the cyclotron turned on and the beam pre¬ 
vented from reaching the cup, radiation produces a 
leakage current of about 3X10^ Ma. 

V. ENERGY MEASUREMENT 

The energy of the beam of deuterons is measured 
by a magnetic deflection method following the 
general procedure described by Creutz and Wilson.^ 
This involves measurement of the deflection of the 
deuteron beam and the simultaneous measurement 
of the magnetic field causing this deflection. 

The experimental arrangement is shown in Fig. S. 
It consists of a magnet with rectangular pole pieces 
(28.5 X25.0 cm), a fluorescent screen for observation 
of the deuterons, and a single turn rectangular flux 
coil for measurement of the field. An adjustable slit 
section is provided between the gas target and the 
analyzing magnet to define the beam to a line 
about one mm wide. 

The energy of the deuteron beam is given 
approximately by the following formula, as derived 
from the equations of motion by Creutz and 
Wilson.* 

eM* / W \ 

W -( 1-) 

2MocA 2A/(k:V 

r (a+i/2(l -e^AySMoc^W) i 

T+l D 1} 

where, W is the energy of the deuteron beam in 
ergs, D is the deflection as measured on the Huo* 
rescent screen, c is the velocity of light, e is the 
charge on the deuteron. Mo the rest mass of the 
deuteron, and a and b are dimensions of the 
apparatus as shown in Fig. 5. 

The quantity A in the above equation is equal to 
J'Hdx where H is the change in magnetic field 
produced by breaking the magnetizing current and 
dx is measured along the initial direction of the 
deuteron beam. The value of A is determined by 


«S. C. Creuti sad R. R. WilMn, Rev. Sd. Inst 17. 385 
IlMlfe). 
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Fig. 6. Sectional view of proportional counter. 

use of the single turn coil, of width W, which 
extends through the magnetic field from a zero field 
region on one side of the magnet to a zero field 
r^ion on the other. The coil was constructed by 
placing a copper ribbon ^ in. high by 0.001 in. 
thick around a form of Lucite 25 in. long by 1 
in. wide, carefully machined so that the width was 
uniform to ±0.002 in. The ends of this coil are 
brought out with a twisted pair to reduce the 
effect of stray fields and connected to the secondary 
of a mutual inductance M, The total flux as meas¬ 
ured with the coil is equal to WSHdx which is 
equal to MAI where Al is the current through the 
primary of M necessary to balance out the emf 
developed by the change in flux through the coil. 
The current AI is measured with a potentiometer 
bridge and standard resistance. 

Since in this method only single deflection was 
measured rather than reversing the magnetic field, 
as in the method of Creutz and Wilson, a small 
correction was necessary for the residual field of 
the magnet. This was obtained by using a small flip 



Fig. 7. Gas amplification for proportional counter a« 
function of voltage on central electrode and pressure of gas in 
cm of Hg in counter. 
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Fig. 8. Distribution of pulses from proportional counter 
due to He* particles which come off from the D(d,n)He* 
reaction at 22.7 deg. to deuteron beam. 

coil, which was calibrated against the single turn 
coil jx) that the residual field could be measured and 
the correction applied. Since the residual field 
causes compensating correction in both D and H, 
the final correction to the energy is small. The use 
of single deflection requires this correction, but no 
galvanometer correction is necessary since the 
galvanometer drift over the time for the field to 
come to zero is negligible. 

The mutual inductance used in these experiments 
was calibrated by Leeds and Northrup to 0.5 
percent accuracy. It was compared with two other 
inductances, also calibrated by Leeds and Northrup, 
and found to agree within 0.2 percent. 

The width of the undeflected deuteron beam is 
approximately one mm wide. When deflected, the 
width increased about O.S mm, indicating an 
inhomogeneity of energy of approximately one 
percent. The position of the beam could be read to 
0.5 mm in 160 mm. 

The geometrical constants a, 5, and w could be 
measured to better than 0.5 percent. 

Since the energy is proportional to A^/D^ the 
expected accuracy is of the order of two percent. 

Several tests were made using aluminum ab¬ 
sorbers to take out most of the energy of the 
deuteron beam and then varying the gas pressure 
in the target chamber to give a range-absorption 
curve for the beam. The results of this method 
showed essential agreement with the magnetic de¬ 
flection method and indicated that nojarger error 
existed, i.e., a shorted pick up coil, etc. 

VI. PROPORTIONAL COUNTER 

Figure 6 shows the proportional counter used to 
determine the absolute intensities of the charged 
particles resulting from deuteron reactions. The 
central electrode was made of 10-mil Kovar wire 
and served both as the high voltage and collection 
electrode, the signal being taken off through a 5000 
volt O.OOOl-Aif mica condenser. The body of the 
counter was turned from brass to a wall thickness 


of in. In order to eliminate background which 
might result from an (n, alpha) or an (n, p) reaction 
in the glass insulator a shield of Poly TFE was 
placed around this insulator. All parts of the 
counter were furthermore decontaminated in 1-1 
HNOs before assembly. The counter was found to 
operate well when filled with argon at pressures 
ranging from 20 cm to 70 cm Hg and at voltages 
ranging from 500-2000 volts. (This is the only 
pressure and voltage region tried to date.) The rise 
lime of the pulses is approximately 1.1 ms when a 
gas amplification of about ten is utilized. 

Figure 7 is a family of gas amplification curves 
for this counter. Plutonium alpha-particles from a 
^ mg/cm* foil were used to obtain these curves, 
both the foil and the counter being mounted in a 
vacuum system. The argon in the proportional 
counter was contained by a 1.4 mg/cm’* mica 
window. In a sjmilar manner the resolution of the 
proportional counter was determined by obtaining 
the energy distribution of the alphas from the above 
mentioned plutonium foil. The width at half¬ 
maximum of the energy distribution curves was 
found to be 3.5 percent. 

A number of background difficulties were experi¬ 
enced when the counter was first tried. The back¬ 
ground experienced can be discussed under three 
categories: gamma-ray background, background 
due to voltage breakdowns, and particle back¬ 
ground. The gamma-ray background was suffici¬ 
ently reduced by encasing the counter in two in, of 
lead, except for a |-in. opening in front of the 
window. Spurious counts caused by voltage break¬ 
downs inside the counter were essentially eliminated 
by applying an over-voltage to the counter and 
permitting it to break down for about five minutes. 

Charged particle background was successfully 
eliminated by the simple device of making certain 
that the counter could not see the deuteron beam 
at points where it came into contact with mica 
windows or diaphragming slits. 

Even after eliminating the above sources of 
background a disturbing amount still remained due 
to high energy neutron bombardment of the walls 
of the counter and of the gas in the counter. This 
could only be eliminated by reducing the neutron 
background. By use of detectors sensitive to neu¬ 
trons of enei^ one Mev and over, it was found 
possible to eliminate effectively all neutron back¬ 
ground of over one Mev coming from the cyclotron 
tank proper by shielding with water and paraffin as 
heretofore mentioned. 

A considerable number of neutrons of energy 
greater than one Mev were, however, produced by 
deuteron bombardment of the diaphragming slits 
and target windows. This background could not be 
shielded from the counter by hydrogen containing 
materials due to geometrical conedderattons. Howr 
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ever, this background was also considerably reduced 
by utilizing gold diaphragms to define the beam. 
It was found, for example, that gold gives only 
about 0.3 the neutron background of brass. 

It was also found that a 0.0003-in. tantalum 
target window produced 0.4 the neutron back¬ 
ground of a two mg/cm* mica window. 

Even after the above mentioned modifications 
were incorporated into the set-up, the neutron 
background of energy greater than one Mev was 
approximately 25 times the neutron flux obtained 
from the d-d reaction at a point 45 cm from the 
target. This was the case when a target six cm long 
containing D® at a pressure of 58 cm Hg was used, 
the beam being diaphragmed by a J-in. diaphragm 
in front of the target as illustrated in Fig. 1. 

However, when all the above devices were em¬ 
ployed for reducing background, the prop>ortional 
counter gave consistant and apparently precise 
results. Figure 8, for example, gives the energy 
distribution of the He* particles obtained from the 
D-f-D“+He*4‘w reaction using the above counter 
at 22.7 deg. with respect to the incident deuteron 
beam. The points shown by crosses were obtained 
when Hs* was substituted for the in the target. 

vn. CONCLUSIONS 

The apparatus described in this paper allows one 
to do a considerable numl^r of experiments with 
cyclotrons which otherwise would be impossible due 
to background. The equipment, of course, is partic¬ 
ularly adaptable lo the study of scattering and of 
charged particle reactions. Preliminary results on 
the differential cross section of the D(d,»)He* reac¬ 
tion have already been reported.® This experiment 
has been repeated with better resolution and the 
revised results will be given in a forthcoming paper. 
By substituting photographic detectors for the 
proportional counter a number of experiments 
involving the charged particles from the d-d reac¬ 
tion have also been j>erformed. 

Experiments which require monoenergetic neu¬ 
trons are also made possible using this apparatus. 

•Curtis, Rosen, and Fowler, Phys. Rev. 73, 648 (1948). 


With one atmosphere of deuterium gas in a target 
as shown in Fig. 1, the background neutrons (above 
12 Mev) are only about ten percent of neutrons . 
from the D(<i,n)He* reaction. Thus, in this neutron 
energy region one can perform standard neutron 
experiments. For instance, the activation of the 
ten-minute Cu** by the Cu**(«,2«)Cu*^ reaction 
has been done as a function of neutron energy for 
energies from 11-13 Mev. This work will soon be 
published. 

Although the neutron background between one 
and 12 Mev is rather formidable (Section VI) one 
can, by use of coincidence techniques, perform 
experiments with monoenergetic neutrons in this 
energy region. An example is the possibility of 
doing n, p scattering at 8.0 Mev. A triple coinci¬ 
dence proton recoil counter would be supported on 
the outside of the d-d chamber with its hydrogen 
containing radiator so mounted as to intercept the 
neutrons which would lie in the horizontal plane 
passing through the center of the target and which 
would come oflf at an angle of 61 deg. to the deuteron 
beam. When the bombarding deuterons had an 
energy of ten Mev these neutrons would have an 
energy of 8.0 Mev, Then one would rotate the 
proportional counter in the reaction chamber to 
38.6 deg. so as to count the He* particles associated 
with the 8.0-Mev neutrons. The neutron cone is, 
of course, defined by the diaphragm between the 
He* counter and the target. In doing the experiment 
one would record the coincidences between the He* 
counter and the proton recoil counter. Thus, the 
real coincidences would give the number of recoils 
due to the eight-Mev neutrons and the total He* 
counts would give the total number of neutrons 
passing through the radiator. 

We wish to acknowledge the assistance of Mr. 
John Slye, Mr. Harry Snowden, Mr. Raymond E, 
Squires, and Mrs, Louise Spence, who helped con¬ 
struct the apparatus and who operated the cyclo¬ 
tron during many of the tests described above. 
We also wish to thank Mrs. Mary A. Dodds who 
assembled many of the figures and materia! used in 
this report. 
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A New Method of Measuring tiie Stopping Power of Several Materials for Alpha-Particles 

F. Emmett Hamiier* and Fiunk £* Hobckbr 
Department of Physics, University of Kansas, Lawrence, Kansas 

The application of an atmospheric pressure alpha-particle detector to the measurement of the 
relative stopping power of thin films of absorbing material for alpha-particles was investigated. The 
air-equivalent of absorbing films was measured directly by balancing the counting rates of two de¬ 
tectors in air, and again when an absorbing film is inserted between one of the detectors and its 
source. Measurements of the air-equivalent and relative stopping powers of films of mica, poly¬ 
styrene, and aluminum are given. The relative stopping powers determined agree well with previous 
values. The errors of the method are discussed and an attempt is made to specify the magnitude of 
the probable error in the result. 


INTRODUCTION 

D ata published by different observers on the 
relative stopping powers of heavy substances 
for alpha-particles differ by as much as 10 percent.^ 
More complete and precise data on this subject 
are desirable as a basis for revision of present theo¬ 
retical treatments. 

The application of a variation of the wire-plate 
alpha-particle detector, described by Chang and 
Rosenblum,* to the measurement of the relative 
stopping powers of certain substances has been 
studied. Data which are in close agreement with 
the best available values on mica and aluminum, 
and data on polystyrene (not previously available), 
are present^. These measurements are in the 
nature of preliminary tests to determine the appli- 



Fig. 1. Film rotating^mechanism. j 4—Rotating ring. B — 
Drive motor. C—^all-bearing raceway. JB—Frame. 

Oklahoma^^ City University, Oklahoma City, 

• W, y, Chatif and 5> Rgtvnblum, Phy». kev. tlr,-222 (1945). 


cability of the method of measurement to heavy 
substances. 

APPARATUS AND MBASURBHBNT PROCBDURS 

The apparatus consists basically of an alpha- 
ptarticle detector and an associated electronic cir¬ 
cuit* which counts individual alpha-particles after 
their passage through chosen thicknesses of ab¬ 
sorbing material. 

The detector consisted of a circular brass plate 
2.5 cm in diameter with a stem threaded through 
a back plate mounted on a frame of insulating ma¬ 
terial. An alloy wire approximately 0.07 mm in 
diameter was stretched across the insulating frame 
in front of the circular brass plate. The threaded 
stem permitted adjustment of wire-plate spacing 
which was maintained at approximately 1 mm. 
The high voltage negative (2500 to 3000 volts) wad 
connected through a 20-megohm resistor to the 
brass plate, and the wire connected to ground 
through a 100,000 ohm resistor. This provided 
negative pulses to the amplifier on breakdown. A 
capacity of 250 nni was connected between plate 
and wire to provide a sufficiently large pulse to 
operate the amplifier. 

The alpha-particle sources used were polonium 
plated on silver.* 

The films used were aluminum, prepared from 
various numbers of thin foils, mica,* and poly¬ 
styrene. The polystyrene films were prepared by 
pouring, a solution of polystyrene in amyl acetate 
of suitable concentration onto a glass plate. Evapo¬ 
ration of the amyl acetate left a thin film of poly¬ 
styrene which could be removed from the pUte. 
The films were mounted in lucite ring* which fitted 
into the rotating mechanism. (Fig. 1.) Rotation of 
the films provided a means of averaging out non¬ 
uniformities and gave results depending on the 
average film thickness. 

'Robe M. KkMpper and Frank E. Hoecker, Rev. Sd. 
Inet. 20,17 (1949). 

* Rutherford, Qiadwick, and Ellia, Radiaiiom From Radio- 
aetioe Substancos. (The Macmillan Company, New York, 1930 
edition), p. 555. 

* John Strons, Proeodurea in Bxptrinmtal Phyaiet (Preo- 
tke-Hall, Inc., New York, 1930 odition), p. 3W, 
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Fig. 2. Characteristic counts-per-minute vs. distance curves. 

Curve A is for a narrow source, curve B for a wide source. 

Errors due to variations in voltaige, temperature, 
humidity, and atmospheric pressure on the count¬ 
ing rate of a detector were minimized by using two 
detectors, one having a fixed and the other a mov¬ 
able source. A dual channel counter amplifier and 
pulse rate comparator, designed by Kloepper and 
Hoecker,* was used to determine when the count¬ 
ing rate of the two detectors was equalized. A 
mechanical counter (Cyclotron Specialties Com¬ 
pany type 401-A) was also connected to the output 
of each channel. 

The two detectors were adjusted for equal count¬ 
ing rates in air. A film of absorbing material was 
then inserted between the movable source and its 
detector and the source position again adjusted for 
equalized counting rate. The difference between the 
two positions is the air-equivalent* of the absorbing 
film. Since any determination of a balance position 
may be in error due to random emission from the 
sources, the mechanical counters were connected 
for approximately 4000 counts and the difference 
in counting rates converted into a position correc¬ 
tion by use of the average slope of the end-of-range 
curves. 

The opierating point used for equalizing the 
counting rate was approximately the inflection 
point of the end-of-range part of the counts-per- 
minute versus distance curve. As seen from Fig. 2, 
this curve is similar to a number-distance curve. 
There is a peak, however, toward the end of the 
range, which indicates that the detector is somewhat 
sensitive to the ionizing power of the alpha-parti¬ 
cles. It will be noticed that the slope of these 
curves varies greatly with the width of source used, 
and also that any balance position error will vary 
inversely as the dope of the curve. 

The effect of the geometry of the apparatus upon 
the counting rate, associated with different film 
thicknesses, was compensated for by the shape and 
size of source used. The air-equivalent was cor¬ 
rected to air at 15 d^rees C and 760 mm of mere 

*1%s sir«quivslsnt of a film ii the thicknew of air in 
ew th aetara to wUdi the film ia equivalent for the etopping of 
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Fig. 3. End-of-range curves for air and mica using narrow 
source. Left-hand curve is for mica. Slope approximately 1750 
counts/min. Right-hand curve is for air. Slope approximately 
875 counts/min. 


cury. The absorbing films were weighed and the 
relative stopping power determined.^ 

CORRECTIONS FOR GEOMETRY OF THE APPARATUS 

The effect of the geometry of the apparatus upon 
the determination of air-equivalent is divided into 
two parts. These are the effect of the solid angle 
subtended by the detector wire and the effect of 
obliquity of the path of particles through flat 
sheets of absorbing material. 

An extended theoretical and experimental study 
of the characteristics of this type of detector with 
respect to geometrical and other types of errors is 
in preparation. This study indicates that the solid 
angle effect can be represented approximately by 
a 1/d function where d is the distance between the 
source and the detector. The result of the solid 
angle effect is to increase both the slope and the 
maximum counting rate when an absorbing film is 
in place. This is shown by Fig. 3. 

The effect of flat sheets of absorbing material is 
to produce a greater reduction in the residual air 
range for particles traveling obliquely through the 
material than for particles traveling normally. The 
normal component of this loss in residual range 
due to obliquity of path is given by A/?«i?o(cos^o 
—costfi), where is the angle between the path 
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Fig, 4. Values of slopes of end-of-range curves for air and 
polystyrene Blms vs, operating position. Group of six points 
at extreme right of figure is for air curves. 


* The relative stopping |»wer of a substance is defined as 
the weight in mg/cm* which is equivalent to 1 cm of air 
(1*22 mg/cm*) at 15 degrees C and 760 mm of mercury for the 
stopping of alpha-particles. 
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Table I. Air-ec^uivalent of various films. (Air-«^uivalent in 
cm of air to which the film is equivalent in stopping power.) 




A. 

Polystyrene films 




Date 

#12.5 

#11 

#17 

#18 

#20 

#25 

#50 

Tune 28 

1.860 

2.614 

1.350 

1,229 

0,864 

0.774 

0.349 

June 29 

1.856 

2.598 

1.347 

1.232 


0.772 

0.355 

July 9 

1.838 

2.604 

1.386 

1.233 

0.956 

0.768 

0.3.54 

July 10 

1.844 

2.596 

1.342 

1.233 

0.963 

0.772 

0.352 

Fig. 5 

1.862 





0.791 


Fig. 6 

1.844 


1.391 



0.796 





B. Mica 

films 




Date 

#1 

#2 

#3 

#6 

#7 

#8 

#9 

J une 30 

2.103 

2.01.^ 

1.491 





July 9 

2.136 

2.062 

1.890 

0.880 

2.347 

1.141 

2.842 

July 10 

2.242 

2.057 

1.502 

0.884 

1.174 

1.148 

2.838 

Fig. .S 


2.055 


0.921 




Fig. 6 


2.049 

1.493 

0.870 






C. MiacellaneuuH films 




Date 

Nylon 

Metal 






July 1 
July 9 

”^813^ 

0.825 

2.176 






July 10 

0.352 

2.171 






July 27 


2,171 






Fig. 5 

0.836 

2.185 






Fig. 6 

0.827 

2.195 







of the particle in air, and the axis of the apparatus, 
^ 1 , is the angle between the particle path through an 
absorbing film and the axis, and i?o is the range of 
the alpha-particles in air. This residual range loss 
for particles having an oblique jmth results in a 
reduction in the slope of the end-of-range curve. 

From the above considerations, it was concluded 
that the solid angle effect and the effect due to 
obliquity of path through flat sheets of absorbing 
material could be balanced against each other by 
a proper choice of size and shape of source. Since 
the quantitative determination of the above effects 
is rather difficult theoretically, the conditions for 
balance were determined experimentally. 

A wide source in the form of a portion of a 
cylinder of 1-cm arc, having a radius of curvature 
of 0.56 cm and a length of 2.5 cm, was plated with 


polonium. This was placed with its axis parallel to, 
and the concave side toward, the detector wire. 

Figure 4 shows the values of the slopes (calcu¬ 
lated from plots of end-of-range curves) obtained 
for several polystyrene films plotted against the 
approximate operating position for each film. It 
will be observ^ that these slopes are essentially 
constant regardless of the distance between the 
source and the detector. An arbitrary average of 
5600 count/min./cm was used in making the cor¬ 
rections to the balance positions. 

The curvature of the source might be expected 
to introduce an error in the determination of the 
air-equivalent. This point was examined experi¬ 
mentally, The air-equivalents of several films de¬ 
termined from carefully made plots of end-of-range 
curves using the flat source, Fig. 5, were compared 
with the air-equivalents of the same films deter¬ 
mined from plots of end-of-range curves using a 
curved source. Fig. 6. 

While taking data for these curves, the voltage 
across the detector was controlled so that the 
maximum point for each curve was approximately 
2000 counts/min. It will be seen that the slope is 
approximately constant in both cases. Using points 
on the curves at which the counting rate was 900 
counts/min. as reference points, the air-equivalent 
was determined by measuring the horizontal dis¬ 
tance between the reference point on the air curve 
and that on the film curve. The measurements 
labeled Fig. 5 and Fig. 6 in Table I show the re¬ 
sultant air-equivalents. It will be seen that there is 
good agreement between the pairs of values. Four 
of six pairs agree within 0.01 cm. 

From these considerations, it was concluded that 
any variable effect the curvature of this source had 
on the shape of the end-of-range curve, was negli¬ 
gible over the part of the curve used for measure¬ 
ment ; and that the source curvature introduced no 
observable variation in the position of the balance 
point with variation in film thickness. 



Fig. ^ End-of-range curves for several films using fla 

polystyrene, III alumi 

num, IV and V mica, and VI Nylon. 
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Fig. 6. End-of-ran^ curves for several films using curved 
source. Curves I to IV inclusive are for polystyrene, V to VII 
arc for mica, VIII for Nylon, IX and X for aluminum, and 
XI is for air. Curve X is for the non-uniform M film No. M*2* 
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DBTBRMINATZON OF PROBABLE ERRORS 
Random Errors 

Table I shows the air-equivalents of various 
films measured under the heading of the date on 
which the measurements were made. 

Application of a test described by Simon® to the 
measured air-equivalents of a group of five poly¬ 
styrene films indicated that the errors were random 
in nature. 

The probable error in the air-equivalent of each 
of these films varied from dbO.OOl cm to dbO.003 
cm. Since the number of measurements was rather 
limited, the probable error specified for the group 
is that for the films with the largest error. 

It should be pointed out that while the probable 
error in the slope of any one end-of-range curve is 
quite large, the error in the air-equivalent is small 
because the variations in slope are caused largely 
by slow variations in the sensitivity of the de¬ 
tector. When the balance positions for air and for 
the film being measured are taken in immediate 
succession, there is usually not much change in the 
sensitivity of the detector between the readings. 
Rapid changes may account for the rather un¬ 
reliable readings for film number seventeen. 

The probable error in the weight of any film was 
estimated from observed variations in the set of 
weights used. This set was self-calibrated with an 
estimated probable error in any one weight of 
±0.03 mg. The probable error in the weight of any 
film was estimated as ±0.05 mg. 

The probable error in the area of the films was 
estimated as ±0.025 cm^ from measurements made 
on the cutter used to cut film sections for weighing. 

The probable error in the relative stopping 
power was calculated from the propagated errors 
in the air-equivalent, the weight, and the area. 

Assignable Errors 

There are certain constant errors which can be 
assigned. Figure 4 shows that the slopes of the 
end-of-range curves in air are somewhat less than 
the average for the polystyrene films. (The group 
of six points at the right of Fig. 4 is for air curves.) 
This difference in slope corresponds to an error of 
0.012 cm in the air balance position for all 
measurements. 

The average slope of the end-of-range curves for 
the mica films measured was 7600 counts/min./cm 
instead of 5600 counts/min./cm for all other films. 
This slope difference corresponds to a position 
error for the mica films of 0.043 cm. 


* JLedie E. Simon, Entineers* Manual of StaUsUcal Methods 
f fohii Wiky A Sons, Inc., New York, 1941 edition), pp. 41-Sl. 


Table II. Relative stopping powers of various absorbing 
films (in mg/cm* equivalent to 1 cm of air at IS degrees C 
and 760 mm Hg for the stopping of alpha-particles). 


Material 

Film no. 

Air-equivalent 
in cm 

Rel. stopping 
power 

Mica 

#6 

0.994 

1.41 


#8 

1.199 

1.47 


#3 

1.550 

1.46 


#2 

2.102 

1.51 


#1 

2.17S 

1.48 


#9 

2,895 

1.43 



Average 1.46 

Polystyrene 

#50 

0.365 

1.02* 


#25 

0.791 

1.06 


#20 

0.971 

1.06 


#18 

1.224 

1.05 


#17 

1.375 

1.05 


#12.5 

1.864 

1.06 


#11 

2.615 

1.10** 



Average 1.06 

Aluminum 

#1 

0-113 

1.35* 


#2 

0.211 

1.50 


#4 

0.368 

1.53 


#6 

0..560 

I..56 


#8 

0.811 

1.59 


#M-1 

2.192 

1.63 


#M-2 

2.367 

1.74** 


* Errors large due to thinness of films. 

** Measurements excluded from calculation of probable error. 


Probable Error of the Relative Stopping Power 

Table II shows the calculated relative stopping 
powers for the films measured. The starred meas¬ 
urements were not included in the calculations of 
probable error. Two of them are for very thin 
films where the error is consequently quite large. 
The polystyrene film number eleven is a very thick 
film and seems definitely out of line with the rest. 
The film numbered M-2 was a very non-uniform 
aluminum film. Since no effort was made to allow 
for the change in slope due to non-uniformity, this 
measurement was also excluded. 

The probable error in the relative stopping 
power for the mica films was calculated on the 
basis of the deviations from the average value shown 
in Table II. It is somewhat larger than the value 
calculated from the propagated errors in the air- 
equivalent, weight, and area. Since the sampling of 
measurements is small, the larger error, ±0,014 is 
specified. 

The probable error in the average value for 
polystyrene is ±0.003. The probable error in a single 
determination for a film of average thickness, as 
calculated from the propagated errors in air- 
equivalent, weight, and area, is ±0,007, It is 
believed the polystyrene measurements are suffi¬ 
ciently reliable to justify specifying the smaller 
error. 

If the starred aluminum films are excluded from 
consideration, there is still a noticeable increase in 
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relative stopping power for the thicker films. This 
is in accord with the findings of Taylor^ and others 
that the relative stopping power increases with de¬ 
creasing velocity of the alpha-particle. This means 
that any heavy film is less effective as an absorber 
near the end of the range than it is near the source. 

Since the alpha-particles from polonium have an 
initial energy of approximately S.3 Mev, and all 
the films measured were placed quite close to the 
source^ the value of relative stopping power speci¬ 
fied for aluminum will be that found for film num¬ 
ber two and for alpha-particles of approximately 5 
Mev. This value is l.S0=fc0.039. The probable error* 
is that calculated from the propagated errors in 
air-equivalent, weight, and area, 

•T. S, Taylor, Phil. Mag. 18, 604 (1909). 


CONCLUSIONS 

The v^lue determined for the relative stopping 
power of mica (1.46=t:0.014) compares quite well 
with previous values.^*^ The value for aluminum 
(l.S0=fc0.039) is in good agreement with a recent 
value by RosenbIum,“ No published values for 
polystyrene are available. 

It is believed that this method holds promise of 
high precision if further investigation of the proper 
size and shape of source leads to a reduction in the 
slope deviation of the end-of-range curves for 
various types of films to be measured. 

This work was supported in part by ONR Con¬ 
tract No, N6-onr-260-TO-l. 


Sec reference 1, p. 272. 

“S. Rosenblum, Ann. d, Physik 10, 408 (1928). 
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A Cloud Chamber of Light Weight for Balloon Flights 

R. P. Shutt, a. L. Johnson, and A. M. Thorndike 
Brookhaven National Laboratory, Upton, New York* 

(Received February I, 1949) 

Some constructional details of cloud chambers used for balloon flights are described. Details are 
given on the fabrication of transparent plastic front walls and cylinders for the doud chambers. A 
relatively large number of bicycle spokes is used for holding the chamber together, thus distributing 
material stresses, enabling one to make the aluminum parts of the cloud chamber quite light. 

The back and front walls of the cloud chambers are somewhat spherically curved, resulting in 
considerable reduction of material thicknesses. By the same means a piece of slightly curved metal 
gauze is sufficient to limit the motion of the rubber diaphragm in the compressed position. 

A mechanism used for adjusting expansion ratios can be removed before a balloon flight. Gas and 
liquid can be inserted through bicycle valves. 

The cloud chambers are 12 inches in diameter, 3} inches deep, and weigh approximately 6 pounds. 


I N the Spring of 1948 several lightweight cloud 
chambers for balloon flights were constructed, 
some of which have been in operation during the 
summer and fall. A few of the constructional de¬ 
tails of these cloud chambers will be described in 
this article. 

The weight of the cloud chambers is reduced by 
the following means. A plastic material is used for 
the transparent walls of the cloud chamber. Most 
of the other parts consist of tin-plated aluminum. 
The plastic front wall of the cloud chamber and the 
walls limiting the motion of the rubber diaphragm 
bringing about the expansions are somewhat curved 
and therefore could be made thin. The remaining 
parts are also kept thin by distributing material 
stress, making use of a relatively large number 
of bicycle spokes for holding the chamber together, 
rather than the usual smaller number of heavy 

* Research carried out at Brookhaven National Laboratory 
under the auipices of the AEC. 


bolts. In order to adjust the expansion ratio, a 
mechanism which is removed before a flight is 
attached to the cloud chamber. It will be seen that 
besides saving weight, the latter feature also re¬ 
duces the amount of compressed air to be carried 
along for operating the cloud chamber. The re¬ 
sulting cloud chamber is 12 inches in diameter, 3^ 
inches deep, and weighs 6.3 pounds. It is felt that 
by making use of magnesium where possible, and 
admitting higher material stresses, one might save 
another one or two pounds in a similar design. 
Photographs of the cloud chamber are shown in 
Fig. 1. 

I^me of the parts of the cloud chamber and, 
where of interest, their fabrication, will now be 
described. Reference will be made to the assembly 
drawing shown in Fig. 2. 

The plastic front wall. Part 109 in Fig. 2, i inch 
thick and 12} inches in diameter, is ^)hericatly 
curved with a radius of 24 inches. A plane flange is 
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retained for damping it to the remainder of the 
chamber. Plexiglas** is used as the material. After 
heating the Plexiglas sheet evenly in an oven to a 
temperature of 160®C, it is clamped over the top 
of an open vessel which then is immediately con¬ 
nected to an evacuated tank. Thus, the Plexiglas 
sheet is drawn into the vessel. When the Plexiglas 
has reached the desired shape its depth is held 
constant by regulating the degree of evacuation 
until it has cooled off. Since in this way the sur¬ 
faces of the plastic do not come in contact with 
any other surfaces, the plastic remains quite clear 
and transparent, and since the wall is only slightly 
curved and its thickness turns out to be practically 
constant, no optical distortions are observable, 
compared to the usual distortions of tracks en¬ 
countered in any cloud chamber. 

The Plexiglas cylinder, Part 110 in Fig. 2, is 
seamless, inches deep, with an outside diameter 
of 12 inches and a wall thickness of approximately 
J inch. It is manufactured in the following way. A 
sheet of Plexiglas, ^ inch thick, again heated to a 
temperature of 160®C and then clamped over the 
top of the vessel, in this case is drawn in by evacuat¬ 
ing until a cylindrical Neoprene-covered form, 6 
inches deep and Ilf inches in diameter, can be set 
inside and clamped securely to the top of the vessel. 
Air is now admitted into the vessel, whereupon the 
still hot plastic shrinks back tightly over the form. 
After the plastic has cooled off, the form is removed, 
and a cylinder of a depth of 3.5 inches is cut out. 
The remaining sections of the cylinder are useless 
because they are either too thin or too uneven. The 
resulting seamless cylinders have a wall thickness 
tapering from ^ inch at one end to inch at the 
other and have withstood a force of 5 tons applied 
along their axes. Optically, the cylinders are com¬ 
parable to the Pyrex glass cylinders usually used 
for cloud chambers. 

By combining the techniques indicated, the 
transparent walls of the cloud chamber have also 
been made in one piece complete with front wall, 
cylinder, and flange for clamping to the remainder 
of the assembly. This unit will be used in future 
designs. 

Two short-stemmed bicycle valves, Part 222, 
passed through holes in the plastic cylinder, serve 
to admit gas and liquid into the chamber, and to 
measure the internal pressure, respectively. 

A piece of tin-plated brass gauze pressed into 
spherical shape and soldered to a tin-plated alumi¬ 
num ring,*** Part 112, determines the position of 
the rubb^ diaphragm, Part 218, when the cloud 


•• Aithotvh Plexiglas and Lucite are assumed to have identi¬ 
cal diemicarcomposTtions, in the fabricating process described, 
riear surfaces were obtained more easily with Plexiglas. 

^ *** Ahiminttiti and brass parts were tm-plated by the Sperry 
Corpetadon^ Lake Success, New York. 


chamber is compressed. The gauze is made of wire 
0.013 inch in diameter, and has a mesh of 30X30. 
Its radius of curvature is again 24 inches. In order 
to obtain a dark optical background, velvet is 
sewed to the gauze. 

The remainder of the assembly is contained in a 
flanged aluminum cylinder, Part 108. Through 
thirty holes in the flange, bicycle spokes, Part 212, 
are passed to the clamping ring, Part 101, in order 
to hold the cloud chamber together. Thus the ma¬ 
terial stresses are distributed so that none of the 
parts are warped. 

The back wall, Part 105, again of spherical curva¬ 
ture of 24 inches radius, and tin plated for soldering, 
slides in the aluminum cylinder. A seal is provided 
by an ^'O-ring*’ gasket, Part 211. Several ribs, 
approximately ^ inch high, provide a space be¬ 
tween this wall and a layer of aluminum gauze 
acting as a limit for the movement of the rubber 
diaphragm when an expansion is made, in order 
to let the air escape quickly from the back slide 
of the diaphragm. Three helical surfaces have been 
milled into the ring supporting the back wall. 
These surfaces ride on three matching surfaces 
milled into a ring, Part 106, which in turn rides on 
a flange extending inward from the back side of 
the containing aluminum cylinder, Part 108. Upon 
turning the latter ring the position of the back 
wall, Part 105, is shifted, in this way changing the 
expansion ratio of the cloud chamber. Since there 
is always gas pressure on the back wall, the fric¬ 
tional forces along the helical surfaces are quite 
large. Adjusting the expansion ratio is therefore 
facilitated in the following manner. An assembly 
consisting of an auxiliary cylinder and piston, 
Parts 116 and 120, sealed with a rubber diaphragm, 
is attached to the back cylinder, Part 108, by in¬ 
serting it into a bayonet lock. By means of a bicycle 
pump, air is now pumped into the auxiliary cylin¬ 
der, thus pushing the piston against the back wall 
of the cloud chamber until the internal pressure on 
the back wall is balanced. The ring. Part 106, can 



Fig. 1 . Photographfl of frontside and backside of a cloud 
chamber derived for balloon flights. The cloud chamber is 
12 inches in dJameter and 3.5 inches deep. Two lead plates are 
mounted inside. 
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Fig. 2. Assembly drawing of balloon cloud chamber. 

now be turned easily in order to change the ex¬ 
pansion ratio. Of course, this pressure-equalizing 
assembly is removed before a balloon flight. 

The electromagnetic expansion valve assembly 
shown, Parts 111, 201, 202, and 209, operates on 
dry cells with a power consumption of 0.2 watts. 
With an inductance of 1 henry and a resistance of 
200 ohms, it is felt that in connection with suitable 
control circuits this valve will open fast enough for 
counter-controlled operation. In order to improve 
the reliability of operation for many hours without 
supervision, the design is such that the spring 
closing the valve after expansion is extended when 
the valve is opened. It was found that the usually 
employed compressional springs jam too easily. 

Admittedly the construction of a cloud chamber 
of light weight is accomplished rather simply when, 
in the compressed position, the movement of the 
rubber diaphragm is not limited by mechanical 
means such as the brass wire cloth, Part 112. Since, 
in this case, only the air pressure behind the dia¬ 
phragm determines the degree of compression of 
the cloud chamber, no mechanism is necessary to 
change the expansion ratio except for some pressure 
control device. However, in this case the expansion 
ratio is quite sensitive to small changes in tempera¬ 
ture, necessitating compensating apparatus. There¬ 
fore, the present design was preferred, employing 
mechanical stops in both the expanded and com¬ 


pressed position. Pressure-controlled cloud cham¬ 
bers for balloon flights have been described and 
operated successfully by several authors.*'* 

A few words may be in order on the use of Plexi¬ 
glas in cloud chambers. The advantages of Plexi¬ 
glas are not only its light weight and simplicity 
of shaping, but also the fact that Plexiglas consists 
of elements of low atomic number, may be important 
for many applications. The disadvantage of Plexi¬ 
glas is its slight swelling and softening when ex¬ 
posed to water or alcohol, both liquids commonly 
used in cloud chambers. However, several cloud 
chambers have been in operation for a number of 
months without any mechanical defects developing 
due to softening of the cloud chamber walls. At 
some points where local pressure was applied to the 
plastic by members supporting lead plates inside the 
cloud chambers, some crazing was observed. If 
after some additional time the plastic should soften 
too much, new plastic parts will be used, since 
they are easily made in reasonable quantities by 
the methods described above. 

The tracks photographed in these cloud chambers 
appear to be as good as those obtained in con¬ 
ventional cloud chambers, as far as both their con¬ 
trast and straightness are concerned. At times there 
may have been indications that a cloud chamber 
with plastic walls tends to give general background 
fog somewhat more readily than one with glass 
walls, but there are many other factors which may 
have caused fog in the observed cases. A program 
to study these questions more carefully is under 
way. If as a result, glass should turn out to be 
superior in spite of its relatively high density, glass 
parts can be substituted for the plastic cylinder 
and front disk in the present design. For this pur¬ 
pose curved front glass plates and cylinders, ap¬ 
proximately i inch thick, have been procured.***’*' 
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A Magnetic Field Strength Meter Using the Proton Magnetic Moment 

N. J. Hopkins 

Radiation Laboratory, McGill University, Montreal, Canada 
(Received January 25, 1949) 

A simple, portable instrument is described which employs the nuclear absorption method and the 
known value of the proton magnetic moment to determine magnetic field strength. No known fields 
and no geometrical calculations are required for calibration. The range covered by the present in¬ 
strument is approximately 3000 to 19,000 gauss. No upper limit is inherent in the method. Homo¬ 
geneity is required over a small cylindrical volume. Absolute accuracy of belter than ±0.2 percent 
is obtainable, depending only on precise measurement of frequency. Higher accuracy is possible in 
comparing fields and in measuring field changes. 


INTRODUCTION 

I T has been suggested in a number of places that 
either the nuclear absorption method^ or the 
nuclear induction method^ might be used both as a 
means of stabilizing a magnetic field and as an 
accurate measure of field strength. Packard* has 
used the induction method for automatic control of 
the current supplied to a magnet. The instrument 
described herein used the absorption method for 
measuring fields. 

The basis of operation may be reviewed briefly 
as follows. A proton sample (distilled water con¬ 
tained in a glass cell) is mounted within a small 
coil which is inserted in the magnetic field to be 
measured, with the axis of the coil at right angles 
to the direction of the field. R-f oscillations are 
set up in this coil at a frequency determined by 
the setting of a tuning capacitor. When this fre¬ 
quency coincides with the Larmor precessional fre¬ 
quency of the protons, transitions occur which 
result in an absorption of energy from the r-f 
field. With a suitable detector circuit this energy 
drop appears as a V-shaped dip in a horizontal 
C.R.O. trace. Also necessary to bring about this 
display are auxiliary “wobbling’* coils which carry 
the unknown magnetic field back and forth at 60 
c.p.s. through its resonant value. 

In making a measurement the tuning capacitor 
is varied until the resonant dip appears on the 
C.R.O, screen. The field strength is then deter¬ 
mined from the well-known equation for the pre- 
cessionai frequency which in this case reduces to 

iir«(234.87d=0.29)X10-«/, 

where H is the magnetic field strength in gauss; 
and / is the Larmor frequency in c.p.s. (The proton 
magnetic moment us^ is the corrected value 
quoted by Bloch, Nicodemus and Staub.*) 

No difficulty is experienced in locating the 


nd Pound, Phys. Rev. 69, 37 (1946); 
11, and Pound, Phys. Rev. 73,679 (1948). 
d Packard. Phys. Rev. 69. 127 0^6). 
:ev. Sci. In«t, 19, 435 (1948). 
and Staub. Phys. Rev. 74.1025 (1948), 


resonance signal and no manipulative skill is re¬ 
quired in the operation of the instrument. The 
apparatus Is very simple and a similar instrument 
could be built quickly in any laboratory. 

F'our interchangeable sample coils are used to 
provide coverage of a range from 3000 to 18,900 
gauss. 

DESCRIPTION OF THE APPARATUS 

The sample coil and tuning capacitor are in- 
conjorated in a probe together with a 6AK5 re¬ 
generative detector and the wobbling coils. The 
probe is a rectangular box with dimensions dictated 
by the size of the frequency-linear tuning capacitor, 
its dial and the space required for mounting the 
6AKS, the r-f chokes and the regenerative control 
potentiometer. It is important that no magnetic 
materials be used in the probe. 

The dial used is calibrated from 0 to 100 over 
270*^, diameter 2J inches. It is driven by a friction 
vernier. To avoid realignment difficulty in the 
event of tube failure, the capacitor is mounted 
rigidly on the end plate of the probe with one 
plug-in type connection to the Si-jujuf condenser 
and with its other connection to a chassis ground. 

From this part of the probe a brass tube, di¬ 
ameter i inches, length 6 inches extends with an 
axial lead. This forms a low loss line to the sample 
coil which plugs into terminals at the tip. Soldered 
to the tip is a copper shield can which also supports 
the wobbling coils. These are wound in bakelite 
forms and each consists of 140 turns of No. 24 
cotton covered wire, inside diameter J inch, outside 
diameter Ij inches, length of winding { inch. They 
are separated by a distance of 1 inch center-to- 
center and the outside thickness of the whole is 
inches. (See Fig, 1.) 

Wobbling amplitude amounts to 55 gauss peak- 
to-peak given by variac range of 0 to 43 volts. 
The amplitude may be varied down to zero, al¬ 
though it is normally used at maximum. As con¬ 
structed the instrument can measure magnets with 
gap widths larger than 1 ^ inches for pole diameters 
up to 13 inches and with gap widths greater than 


‘Purcell, Torrey, s 
Bloemaiberzen, Puree 

* Bloch, Hansen, an 

• Martin Packard, F 
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Fig. 1. Circuit diagram; magnetic field strength meter. 


3i inches for larger diameters. The minimum gap 
width could be reduced without difficulty to } inch 
if the wobbling coils were removed and others 
wound on the pole pieces of a particular magnet 
being measured. 

Four sample coils are used having 3, 9, 14, and 
25 turns, respectively. The water sample in each 
is enclosed in a thin-walled glass cylinder inside 
length 1.2 cm, inside diameter 0.5 cm. These are 
quickly and satisfactorily made by using glyptal 
cement to ^eal each end of suitable lengths of glass 
tubing. 

The remainder of the apparatus is mounted on 
a single chassis and consists of a standard two- 
stage audio amplifier, plate and filament power 
supply and the ^ c.p.s. wobbling voltage supply. 

OPERATION 

For ordinary measurements calibration curves 
are useful. They allow rapid translation of the dial 
reading into the field strength and can give accu¬ 
racies of ±0.3 percent with the dial described above. 
They may be plotted easily, using the following 
procedure. 

The regeneration control is advanced until oscil¬ 
lations are just maintained. (This point is easily 
determined by the behavior of the C.R.O. trace 
when it is reached.) A standard variable-frequency 
source is loosely coupled with the sample coil and 
varied to obtain a zero-beat note on the oscillo¬ 
scope screen, indicating that the two frequencies 
are the same. In this way the frequency and hence 
the field strength corresponding to any d\al setting 
may be determined. 

Slight errors may be introduced in taking the 
dial reading and through change in oscillation fre¬ 
quency with regeneration control setting. These 
may be eliminated for the most accurate work by 
making use of the above procedure for each field 
measurement, the dial setting and regeneration 
control setting being left unchanged when the 
resonance dip has been located. In this way the 
accuracy can be made practically the ±0,1 1 percent 


upper limit dictated by the possible error in the 
numerical constant of the equation given above. 

Best sensitivity in measurement will be attained 
when the regeneration is just sufficient to maintain 
oscillations. However, this adjustment is not 
critical. 

The horizontal width of the C.R.O. trace is just 
the wobbling amplitude in gauss. Thus to use the 
instrument for exploring a field the resonance dip 
can be located and adjusted to mid-screen with the 
sample at the center of the field. As the sample is 
moved away from the center, the field change will 
be indicated by the change in position of the reso¬ 
nance dip. This type of measurement will be most 
effective if the wobbling amplitude is variable and 
its value is known for different settings of the vary¬ 
ing control. The method of determining the ampli¬ 
tude is to read the frequency change which moves 
the resonance dip Jrom one side of the screen to the 
other. 

It is to be noted that the accuracy limitation 
imposed on absolute measurements does not apply 
in the case of field changes as discussed in the pre¬ 
ceding paragraph. Nor does it apply when the 
instrument is used for comparing fields since this 
involves only ratios of frequencies. 

The width of the resonance dip is an indicator of 
homogeneity, allowing use of the instrument for 
locating the most homogeneous point in a field or 
for establishing the boundaries of the region in 
which a field is uniform. 

CONCLUSIONS 

The operation of the instrument was tested in 
fields from 1883 to 16,214 gauss, the upper range 
being in the McGill University cyclotron and the 
lower range in a laboratory magnet. 

The 6AKS operated normally in the fields avail¬ 
able for test and it seems probable that the range 
of the instrument could be extended considerably 
higher with no constructional changes beyond wind¬ 
ing coils to oscillate at higher frequencies. 

The lower limit was set at 3000 gauss since below 
this the signal became difficult to locate. It was 
still recognizable down to 1900 gauss. 

Radial fall-off in the cyclotron field is approxi¬ 
mately 15 gauss per inch, so that inhomogeneity 
of at least this amount is tolerated with clearly 
defined signals. 

In view of the simplicity of the apparatus, the 
accuracy obtainable and the ease of operation, the 
method appears to have advantages over others 
used for the same purpose. 

The author wishes to thank D, A. Anderson for 
suggesting this woric and for much valuable advice, 
particularly in the design of the probe circuit. 





THE REVIEW OF SCIENTIFIC INSTRUMENTS 


VCXLUME 20. NUMBER « 


JUNE, IMS 


A 22-Iach Wilson Cloud Chamber in a Magnetic Field of 21,700 Gauss 

Wilson M. Powell 

RadiaUm Laboratory, Department of Physics, University of CaUfomia, Berhdey, California 

(Received March 22, 1949) 

A Wilson cloud chamber 22 inches in diameter in a magnet producing a magnetic field of 21,700 
gauss at the center of the chamber is described. The magnet is pulsed in synchronism with the 184- 
inch Berkeley cyclotron and can be operated with a stesdy field of 10,000 gauss. The use of the 
instrument for identifying light atoms is discussed briefly. 


INTRODUCTION 

T he 184-inch cyclotron has recently undergone 
a conversion so that it accelerates protons up 
to an energy of 350 Mev. A large cloud chamber 
with magnet for use with the cyclotron has been 
designed so that particles with hp up to 3X10* 
gauss cm will produce cloud chamber tracks of 
measurable curvatures. In order to accomplish this, 
the cloud chamber must be in a high magnetic field 
and a long section of the particle’s path must be 
observable. This magnet produces a field of 22,000 
gauss and the cloud chamber has a useful diameter 
of 19.5 inches. The track of a 350 Mev proton 
crossing the diameter of the chamber would have a 
sagitta of 2.3 cm and thus a very accurate curvature 
measurement can be made. 

THE MAGNET 

The magnet, Fig. 1, consists of a pair of coils, 
two poles, and an iron yoke. The coils were made 
of bare copper strap, 1 inch by i inch in cross 
section, wound in eight pancakes of 75 turns each 
and insulated between turns with two layers of 
glass tape 7 mils thick. The pancakes were sepa¬ 
rated by wooden spacers A inch thick and } inch 
wide, so arranged as to direct the cooling oil back 
and forth across the pancakes as shown in Fig. 2. 
These wooden spacers were attached to wooden 
rings which insulated the pancakes from the } inch 
thick iron tank that contained them. The inner 
wooden rings were ^ inch thick so that the inside 
diameter of the pancakes was only inches greater 
than the 19|-inch inside diameter of the coil tank. 
The pancakes were dropped into the iron tank, 
the re-entrant lid drop^ on top of them, and 
great pressure applied to the lid as it was welded 
down. This was done to prevent the motion of the 
pancakes inside the coil tank. 

The bottom pole fills the cylindrical space 
bounded by the inside of the coil tank. The upper 
pole has a conical hole which allows the camera to 
see a circular region having a diameter of 50 cm. 

The current for the magnet is supplied by a navy 
pulse generator with a five-ton flywheel. It is 
aneigised by a 150 hp motor and pulsed once a 


minute. In order to build the current up rapidly, 
the circuit to the magnet is interrupted by opening 
a contactor while the current in the generator field 
windings is rising to its maximum value. Then the 
contactor is closed after the terminals of the gener¬ 
ator have reached full voltage. During a pulse the 
speed of the generator and flywheel is reduced by 
10 percent. Figure 3 shows how the field at the 
center of the gap rises with time reaching a peak 
value in about 2.1 seconds and remaining constant 
for 0.2 second. At a time 2.3 seconds after closing 
the contactor, the generator field winding circuit is 
opened and the current to the magnet drops from 
1000 amperes to about 30 amperes in the conductor 
in 7 seconds. Shortly after this, the contactor is 
opened, the field windings energized and the gener¬ 
ator is ready for another pulse. 

The two coils are connected in series, the current 
passing through each coil in four parallel paths. 
When the magnet is pulsed as described above, the 
maximum current is 4000 amperes and the power 
800 kilowatts; this produces a field of 21,700 gauss 
at the center of the gap. The field is constant over 
the 0.2-second period of steady current; during 
this time, the cyclotron is pulsed and the cloud 
chamber expanded. The magnet can also be oper¬ 
ated with a steady field of 10,000 gauss; this 
requires 1300 amperes and 85 kilowatts. Figure 4 
shows the magnetization curve measured at the 
center of the magnet and Fig. 5, the shape of the 
field at 10,000 and 21,700 gauss. 

The coils of the magnet are cooled by oil which 
circulates through an oil-water heat exchanger (see 
Fig. 6) mounted on the frame supporting the 
magnet. During the pulsed operation the tempera¬ 
ture of the cooling oil rises to 45*0 after several 
hours. In order to protect the cloud chamber from 
the heat radiated by the coils, water-cooled, stain¬ 
less steel pads line all the surfaces of the magnet 
that are exposed to the cloud chamber. See heat 
shields. Fig. 1. The temperature of the water 
circulated through these pads is maintained at 
19.3®C. Heavy foam rubber pads protect the cham¬ 
ber from the outside and a small fan circulates the 
air around the chamber to keep it at a uniform 
temperature. 
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Fig. 1. The doud'chamber 
magnet showing the location of 
the cloud chaml>er, the camera, 
and the lights. 


THE CLOUD CHAMBER 

The cloud chamber, Fig. 7, is built on a duralumi¬ 
num manifold, circular except for a neck that 
extends out beyond the magnet coils and to which 
the expansion valves may be connected. The upper 
part of the cloud chamber consists of a 22-inch 
Lucite cylinder, 3| inches high, and with a f-inch 
wall topped by a one-inch thick Tufflex disk which 
is attached to the manifold through a dural clamp¬ 
ing ring. In order to keep the height of the cloud 
chamber at a minimum, both the top glass and the 
clamping ring are bevelled at an angle of 30^ to the 


perpendicular so that the top surface of the clamp¬ 
ing ring is level with that of the top glass. 

The diaphragm consists of a |-inch Lucite disk, 
20i inches in diameter, with gum rubber 

glued to its top surface. The rubber has a diameter 
of about 23J inches so that it extends beyond the 
edge of the Lucite and makes the seal between the 
manifold and the bottom of the Lucite cylinder. 
There is a pantagraph connecting the Lucite disk 
to the bottom of the manifold; its purpose is to 
guide the disk during the expansion so that it moves 
parallel to the cylinder walls. The motion of the 



Fig. 2, Plan view of a 
magnet coil, showing the 
flow of the cooling oil. 
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Fk;. The rise of the magnetic field at the center of the 
cloud chamber as a function of time. 

disk is stopped by |-inch neoprene pads which cover 
the bottom of the manifold except for three air 
channels^ each three inches wide. 

Several problems arose owing to the eddy cur¬ 
rents that are induced in metal parts of the chamber 
when the field is rising and falling. The forces that 
were produced were large enough to move the 
whole chamber. For this reason a hole 19^ inches 
in diameter was cut in the bottom of the manifold 
and the duraluminum replaced by a J-inch thick 
iron disk. When the chamber is in place, this disk 
becomes part of the lower pole and serves to increase 
the field at the center of the chamber as well as to 
prevent any violent motions of the chamber since 
it is attracted to the lower pole when the field comes 
on. The clamping ring that holds the top glass to 
the chamber has been broken and clamped together 
with a layer of paper insulation at the break. In 
addition, the studs that go between the clamping 
ring and the manifold have been insulated from 
the clamping ring by paper washers. 

The clearing field voltage is applied across two 
grids of wires. The high voltage is connected to a 
set of parallel wires spaced i inch apart and sup¬ 
ported by a Lucite hoop just below the top glass, 
while the ground connection is made to a corre¬ 
sponding set under a layer of black velvet that is 
glued to the top surface of the diaphragm. It is not 
sufficient simply to ground the manifold since the 
rubber diaphragm is an insulator. Two aquadag 
rings were painted near the top and bottom edges 
of the Lucite cylinder and connected to ground to 
prevent the surfaces from charging up. 

THE OPTICAL SYSTEM 

The cloud chamber is illuminated through the 
Lucite walls of the cylinder by a pair of General 
Electric FT. 422 flash tubes. Each tube is wrapped 
in aluminum foil except for a strip inch wide 
going the length of the tube. The foil was held on 
by winding S-mil tungsten wire in a spiral with 
half inch spacing around the tube; this wire and 
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Fig. 4. The aiagnetizaiion curve of the magnet. 

the aluminum foil acted as the tickler electrode. 
Although the width of the light source is reduced, 
the intrinsic brilliance increases so that the intensity 
of the illumination reaching the lens is reduced by 
only 20 percent. This lens is cylindrical, 18 inches long 
and 2i inches wide; it provides a beam of light ap¬ 
proximately two inches wide at the center of the 
chamber. Because of the aberration appearing when 
rays pass obliquely through the cylindrical lenses, it 
Wcis necessary to place baffles covered with black vel¬ 
vet between the lens and the source in vertical planes 
perpendicular to both. These louvres were spaced 
every two inches starting three inches from the 
center of the lens. The Lucite surfaces of the cloud 
chamber cylinder scattered light onto the black 
velvet in an intensity amounting to about 2 percent 
of the intensity at the center of the chamber. The 
resulting background made it necessary to use the 
Eastman Orthochromatic Linagraph film instead 
of Super XX. This film is at least twice as sensitive 



Fig. 5. The upper curve is the percentjwe of the field at 
the center of the chamber as a function of radius when the 
chamber is operated with 10^000 gauss at the center. The 
lower curve refers to a field at the center of 21,700 gauss. 
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Fig, 6. General assembly of the cloud chamber and magnet 


to the light from the flash tubes and has much 
greater contrast. 

460 fjii at 1600 volts were discharged through each 
flash tube. The combination of the resulting surge 
of current and the magnetic held produces forces 
large enough to break the tube. This difficulty has 
been overcome by bringing the ground lead back 
along the tube and binding it tightly so that it 
produces a force on the tube in the opposite direc¬ 
tion. Wherever possible, the two leads coming to 
the tube are twisted. 

The stereoscopic camera uses a pair of Leitz 
Summar, F2, SO-mm lenses separated by 4.5 inches. 
The camera is located about 25 inches above the 
center of the cloud chamber with each lens toed in 
toward the other so that the optic axis of each 
makes an angle of 5® with the perpendicular to the 
cloud chamber. The film gate is tipped at an angle 
of 0.34 degree from the perpendicular to the optic 


axis in the proper direction to keep all parts of the 
chamber in the best possible focus when the camera 
is placed directly above the center of the chamber, 
A third lens in the back of the camera permits a 
counter and an ammeter showing the magnet 
current to be photographed at the instant when 
the cyclotron is pul^. This is accomplished by 
discharging a condenser through a flash light bulb 
illuminating counter and meter at the proper time, 

UMING 

Two sets of cam driven switches control the 
timing of the cloud chamber. The slow timer with 
seven cams driven continuously by a variable speed 
motor performs the following operations: (1) rings 
a warning bell ten seconds before an expansion, 
(2) turns on the magnet, (3) resets the clearing 
field, (4) resets the generator circuit, (5) operates 
a valve to make the cloud chamber expand slowly 
as many times as desired. The cams are made 
adjustable by clamping onto them the desired 
number of dogs which operate microswitches. The 
maximum time for one revolution is four minutes, 
the shortest 1.5 minutes. By doubling the number 
of dogs the cycle can be repeated twice in one 
revolution. 

The second set of cams controls the more rapid 
sequence and is called the fast timer, Fig. 8. A small 
synchronous motor running continuously is coupled 
to the cam shaft by means of a solenoid operated 
clutch. The cam shaft makes one revolution in half 
a second. Only five of the seven cams are used. 
Dogs are attached to the cam wheels at suitable 
intervals as in the slow timer, and each microswitch 
is mounted on a wheel which can be rotated by 
means of a worm gear from the front panel. The 
microswitch wheels are coaxial with the cam shaft 
but do not rotate with it. Scales marked in hun¬ 
dredths of a second intervals are pasted to the 
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edges of the wheels so that their phaising may be 
read on the front panel and adjusted by means of 
the worm gear. Cam 1 turns off the clearing field, 
cam 2 expands the chamber, cam 3 turns on the rf 
oscillator on the cyclotron, cam 4 pulses the ion 
source in the cyclotron, and cam 5 flashes the 
lights. Cam 6 interrupts the current going to the 
magnetic clutch so that the cam shaft stops ro¬ 
tating. The timing sequence is as follows when 
operating with 100 cm pressure of helium when the 
chamber is expanded and using water vapor. The 
time of starting of the cam shaft will be called zero. 
The clearing field is turned off 0.12 second later, 
the chamber expanded at 0.16 second, the rf turned 
on at 0.18 second, the arc pulsed at 0.21 second, 
the lights flashed at 0.23 to 0.24 seconds. For gases 
of higher molecular cross section, greater time must 
be allowed between the arc pulse and the lights. 
Higher gas pressures increase this time also. If the 
arc is pulsed 0.02 second earlier, then about half 
the time the tracks appear slightly broadened 
because the ions have diffused before the chamber 
has reached the appropriate supersaturation to 
start forming drops. There is a jitter of 0.01 second 
in the time interval between the expansion of the 
chamber and the pulsing of the arc. This arises 
from the fact that the beam from the cyclotron 
comes out in pulses 0.01 second apart arbitrarily 
phased with the timing of the cloud chamber. 
Good pictures can be obtained with both arc and 
light excitation 0.02 second later, but the longer 
time makes the tracks less straight in the pictures 
taken without magnetic field. 

TRACK BNDINOS 

Thisoloud chamber and magnet may be used not 
only to make accurate curvature measurements on 


the tracks of fast particles but also to identify the 
slow particles that result from the disintegrations 
of nuclei. Figure 9 has been prepared to demonstrate 
how the lightest nuclear fragments may be identified 
near the end of their range. The lighter particles 
have a longer range for the same curvature and, 
hence, curl up more in the magnetic field. It is 
necessary to use hydrogen or helium gas at 100 cm 
of mercury or less with water vapor if a distinction 
between tritons and alpha particles is to be made. 
Even under these conditions about 20 percent of 
the tritons will show curvatures identical with 
those for an alpha particle over the last 20 cm of 
the track. Protons, alpha particles, and deuterons can 
be distinguished with little ambiguity in this range. 



Fig. 9. Track etufings in a field of 21,700 gauss with 100 cm. 
Hg pressure of helium and water vapor at lO.J'C. Last 22 cm 
all tracks perpendicular to base line. 
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Methods of winding magnet coils using copper tape as the current-carrying element are described. 
Difficulties with unsatisfactory arrangements are pointed out. One satisfactory system is describetl 
in detail, providing an efficient design for magnet winding to yield relatively high copper cross section 
while permitting the removal of heat at a high rate. 


D uring the past three years a number of 
magnet coils and Helmholtz coils for the 
production of magnetic fields from 1700 to 17,000 
gauss have been constructed by us for the Labora¬ 
tory for Nuclear Science and Engineering. These 
coils have been built to designs of and for use by 
Professor George E. Valley, Professor Robert 
Williams, Dr. Robert I'hompson, and Dr. William 
Preston, all now or formerly of this Laboratory. In 
the construction of these coils several features have 
been found to contribute to the over-all perform¬ 
ance. 

Magnet coils should. be designed to provide a 
large value of gauss-cm* in the air gap per watt of 
exciting power. This is especially true for electro¬ 
magnets to be used with portable power supplies. 
This can best be achieved by realizing a high ratio 
of copper cross section to total winding space. 
Another necessary objective is to provide a design 
with low thermal gradients from copper to cooling 
medium so that maximum temperature utilization 
of the materials is achieved. In the effort to satisfy 
these requirements a decision was made to use 
copper strip. This has been followed in all the 
magnets described herein. Copper strip is usually 
obtained in 350-foot lengths. It is often desirable 
to use 2500-foot lengths in coil winding. We have 
found that lapped joints (tape overlapped approxi¬ 
mately 8 to 10 inches), soft-soldered with gas torch, 
to be the most satisfactory joint. Silver soldering 
was not satisfactory. The strip must be wound 
under back tension of several hundred pounds. 
This is provided by a friction detent, spring-loaded 
(see Fig. 3). When wound under tension, we have 
realized actual build-up equal to 112 percent of 
calculated £no, of turns X (thickness of copper 
+thickne88of insulation)XL 12-actual build-up]. 

In using copper strip on a bobbin such as is 
shown in Fig. 1(A), the heat developed within the 
conductor as HR loss is readily transferred to the 
edges of the copper strip by conduction. If the 
insulating gap to the spool-head is kept small and 
is thoroughly filled with solid dielectric and varnish, 
the temperature drop across the gap can be held to 
low limits. By suitable selection of spool-head 
thickness with appropriate spacing of cooling tubes, 


it is possible to limit the temperature drop here to 
loV values. Cooling tubes, for magnets with low 
power consumption, may be used only on the 
periphery (Fig. 1(A)), or for larger power consump¬ 
tion, a set of tubes may be added in the position 
shown dotted in Fig. 1(A). In mounting copper 
tubing in such position, we flatten the tubing 
slightly before applying it to the spool-head. It is 
attached to the spool-head with soft solder, gas- 
heated, to obtiiin a low resistance thermal bond. 
If several bobbins, or pies, are to be stacked or 
wound as multiple units, the spool-heads may have 
a recess routed out as shown in the right-hand and 
center section of Fig. 1(B). The copi^er tube is 
then soldered into this groove, leaving no interfering 
protuberances. 

In a typical example* six pies, wound on two 
triple bobbins (similar to Fig. 1(B) and having 
spool-heads \ inch thick and approximately 39-inch 
outside diameter, dissipate SO kw into 30 gallons 
per minute of water with a 30°C average tempera¬ 
ture rise of copper above water inlet temperature. 
With the mica and fiberglass construction it would 
undoubtedly lye safe to operate these coils at 100 
kw input. 

The inner end of the conductor, in all the coils 
discussed here in, is brought out radially as shown 
in Fig. 2. The conductor tape is given a 90® lateral 
bend by folding at 45®. An additional 90® fold 
brings the end out vertically. The bobbin core is 
flattened as shown in Fig. 2(A) to accommodate 
the extra thickness here. A recess is provided in the 
spool-head to permit this radial lead to clear the 
normal winding. The radial lead is half-lapped with 
fiberglass tape and is sandwiched with mica as 
shown in Fig. 2(B). To prevent slipping during 
early stages of winding, the inner end is secured by 
two textolite pins inserted in the bobbin core; these 
are long enough to penetrate the double thickness 
of conductor near the 45® fold. (See Fig. 2(B).) 
This method of attaching and bringing out the 
inner end of the winding has been entirely trouble- 
free. The inner end and outer end of the winding 
are normally terminated on a rectangular textolite 


‘ G. E. Valley and J. A, Vitale, “A counter controlled high 
prcMure cloud chamber,” Rev. Sci. Inst. 20, 411 (1949). 
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block located at some convenient point on the 
circumference to permit attaching heavy current 
leads. Naturally the radial groove for the inner 
lead is designed to point toward this block. The 
details of attachment have varied from job to job. 

Originally 0.004 inch electrical Kraft paper wound 
in alternate layers was tried for interlayer insula¬ 
tion. It was planned to impregnate the entire 
assembly under vacuum, as is common in trans¬ 
former practice. This proved impossible as the 
varnish penetration was inadequate. The coils so 
treated were quite unsatisfactory since temperature 
cycling caused breathing of moisture bearing air, 
followed by small leakage currents causing elec¬ 
trolysis and rapid deterioration. 

The next step, suggested by Dr. Thompson, was 
spiral wrapping of the copper which was then wound 
without additional interlayer insulation. See P'ig. 
3(A). During winding the successive bobbin layers 
were painted with Ajax Varnish No. 02025. The 
tight wrapping caused the varnish to squeeze out 
to the ends of the layers, giving a very tight fill. 
It should be noted that the spiral tape is butted, 
not half-lapped, to preserve space-factor. This is 
not a comfortable expedient as gaps could occur 
opposite one another to permit leakage. However, 
the varnish appears to supply adequate fill. A set 
of coils as described was operated for six weeks in 
Colorado, in a trailer, at 13,500 feet, and has 
subsequently been in intermittent use at sea level 
for four months and still shows insulation resistance 



Fig. 1. 



Fig. 2. 


better than 10 megohms per pie.^ Incidentally, any 
coil showing less than 1 megohm may be expected 
to give trouble ultimately. Some of our more recent 
coils show insulation resistance of 3 to 4X10^* ohms. 
The spiral wrapping was applied by a Segur Taping 
Machine, Model 1-109A, modified to take tape 
width and winding pitch to meet our requirements. 
This required very close speed adjustment to 
produce an accurately butted spiral wrap. 

An improved method of insulation has just been 
tried. Availability of wider fiberglass tape made 
this possible. This consists of a strip of tape folded 
laterally about the copper tape (see Fig. 3(B)) so 
that a continuous seam (“5'* in Fig, 3(B)) comes 
on top. As this always meets a continuous strip of 
tape on the next layer, leakage paths are long. 
Winding presented some problems which were . 
successfully met in the following manner (see 
Fig. 4): 

1. The flat tape was induced to fold by rotating brushes. 
(See **RB^** Fig, 4.) These did not crease or crack the tape 
but firmly brought it over, 

2. Rubber friction wheels —Fig. 4) brought the tape 

snugly over the copper. The amount of tension is controllable 
by the angle of the wheel. 

3. Electrical Scotch Tape is applied by a roller (**T^—Fig. 
4). This holds the “packaged” copper. 

4. A grooved roller (“G”—Fig. 4) presses the package tight 
without causing folded creases. The grooves appear to be 
necessary. 

5. After the “packaged” copper is safely bedded on the 
bobbin, the Scotch Tape is pulled off since it is not needed in a 
permanent coil; indeed, it is detrimental, wasting in this case 
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i inch winding space in 300 turns or 12 percent. The tape 
returns via an idler (Fig. 4) where it is returned to roller 
for reuse. 

Oddly enough the Scotch Tape can be reused for 
many times. It stretches and from time to time 
lengths must be cut out. The speed of the rotating 
brushes is not critical. They can be started in 
advance of the winding rotation. In our set-up, 
vacuum cleaner brushes were used, driven by 
electric hand drills rotating at approximately 1200 
r.p.m. One drill was reconnected to provide counter 



clockwise rotation.'The equipment can operate at 
winding speeds up to approximately 6 r.p.m., being 
limited by the speed of the operator applying 
varnish. We expect to mechanize this in the future. 

One advantage of the winding last described is 
that non-circular bobbins can be wound. A shape, 
roughly pentagonal, gives erratic linear speeds for 
constant angular velocity of the winding arbpr. 
This would completely prohibit the butted spiral 
wrap. No difficulty was experienced with the last 
method in winding such a form. 

The construction of the coils described above 
was in pursuance of research in nuclear physics and 
cosmic rays supported by the joint AEC-ONR 
program. 



THE REVIEW OF SCIENTIFIC INSTRUMENTS 


VOLUME 20. NUMBER 6 


JUNE. 1919 


A Cotmter Controllable High Pressure Cloud Chamber* 

G. E. Valley and J. A. Vitale 

Physics Department and Laboratory for Nuclear Science and Engineerings Massachusetts Institute of Technology^ 

Cambridget Massachusetts 
(Received March 3, 1949) 

A high pressure cloud chamber is described which is so designed as to be as easily counter controlled 
as an ordinary cloud chamber. The instrument is fitted with a magnet capable of producing a held 
of approximately 10.000 gauss continuously. It is mounted in a trailer and can be readily transported 
to mountain sites. 


PROPERTIES OF HIGH PRESSURE 
CLOUD CHAMBERS 

HIGH pressure cloud chamber combines the 
properties of an ordinary cloud chamber with 
those of a thick emulsion photographic plate. It 
can, as a result, yield information which cannot be 
obtained otherwise. 

Compared with an ordinary cloud chamber which 
operates near atmospheric pressure, a high pressure 
instrument possesses the following advantages and 
disadvantages: 


much higher clearing potentials than are commonly used in 
cloud chambers. One achieves drift velocities, in 100 atmos. 
of argon, for instance, on the order of several cm/sec. The 
result is that many tracks, and in particular many counter 
controlled tracks, are observed to be split into two perfectly 
sharp and distinct parallel components. By measuring the 
separation of the positive and negative Ion components of 
different tracks in the same picture, one can determine their 
relative time of occurrence to at worst ±0.04 sec., which is 
quite comparable to the resolving time of an ordinary one- 
atmosphere instrument. In some cases this is not possible 
because ions of one sign may have drifted outside the illumi¬ 
nated region. 



( 1 ) The stopping power of the gas is much higher and so is 
the probability of making a nuclear collision with a gas atom. 

(2) The sensitive time is much longer. When random 
expansions are made for cosmic-ray studies, this is an obvious 
advantage; when the instrument is counter controlled by 
cosmic rays, or used with a high voltage accelerator, this 
ceases to be an advantage and may even be a hindrance 
because of the background of uninteresting phenomena. 

(3) The time required to reach thermal and vapor diffusion 
equilibria between expansions is much greater. For random 
expansions this effect is more than outweighed by the increased 
time of sensitivity. Thus, with 100 atmos. of argon we get 
forty times as many cosmic-ray tracks per picture, but only 
twice as many per unit time as compared to an ordinary cloud 
chamber. If, however, we are interested in observing reactions 
in the gas, each of these figures must be multiplied by 100 
(at 100 atmos.). Thus, we can get 4000 times as much infor¬ 
mation per picture and so qan gather statistics on phenomena 
so rare that they cannot be observed at all in a one-atmosphere 
instrument, because of the practical impossibility of scanning 
the huge number of pictures which would be involved. 

(4) Coulomb scattering increases as the square root of the 
pressure and, under many circumstances, makes any achiev¬ 
able magnetic field give only qualitative information. This is 
an important effect when argon is used at 100 atmos. or higher. 
When hydrogen or helium are used, scattering can be r^uced 
to negligible importance by easily obteinable magnetic field 
strengths. Even when argon is used, it is very useful to have a 
magnetic field because it enables electrons to be easily di^ 
dnguished from more interesting particles. This effect is 
discussed in deuil in Appendix I. 

(5) Although the time of sensitivity is much increased and 
a background of tracks is present in every counter-controlled 
picture, this is considerably ameliorated by another effect. It 
is well known' that, relative to the ion diffusion constant, the 
ion mobility increases in proportion to the pressure. Moreover, 
the coeffident of electron attachment is very high, so that 
both positive and negative ions are heavy. Now, because of 
the high pressure, it is possible (indeed, necessary) to apply 


* Assteted by the joint program of the ONR and AEG. 

* lTi! Loeb, Kinetic Theory of Gases (McGraw-Hill Book 
Dompany, Inc., New York, 1934), Chapter XL 


In comparison with photographic plates the high 
pressure cloud chamber has the following prop¬ 
erties : 

( 1 ) By choice of pressure and atomic number of the gas, it 
is possible to determine at least the sign of charge, and often 
the momentum of particles, by the use of practically obtain¬ 
able magnetic field strengths ( 10,000 gauss). 

(2) The material in which reactions take place is pure (it 
requires less than 2 g of alcohol to make tracks in a volume 
containing 60 moles of argon at 150 atmos., for instance), and 
can be changed—hydrogen, helium; nitrogen, and argon are 
practical gases which can be used at present. Oxygen is most 
dangerous, and krypton and xenon are very expensive. Of 
the heavy organic gases, only CF 4 remains gaseous at 3000 
p.s.i., to our knowledge. 

(3) The instrument can be triggered like any other cloud 
chamber, and there is little question as to whether the tracks 
seen are germane to the experiment at hand. Moreover, the 
results do not depend on the time elapsed before the emulsion 
is developed. 

(4) Since the illuminated volume is relatively thick com¬ 
pared to its diameter, it is practicable and useful to take 
stereoscopic photographs. 

(5) A major disadvantage is that ionization density of a 
track can only be crudely estimated. Neither grain nor droplet 
counting is poasible b^use the ion density even from a 
minimal ionizing particle is so high as to produce a completely 
homogeneous track. Track width however, gives some indica¬ 
tion of ion density, so that star fragments are easily dis¬ 
tinguished from high velocity particles. The theory of this is 
given in Appendix 11. 

CHARACTERISTICS OF THE PARTICULAR 
INSTRUMENT CONSTRUCTED 

The design objective which we set was to achieve 
the properties listed above within the following 
limits: 

^ ( 1 ) T^ moment was to be transportable to a mountain 
site. This limited its dimensions to fit in a trailer of standard 
road and railway clearanoet. 
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Fig. 1, Schematic of hydraulic system and section in elevation of cloud chamber and magnet without coils. 


(2) The fuel required could not exceed what was practical 
to truck up the mountain. 

^ (3) The instrument was to be capable of rapid assembly and 
^sassembly for repair^ with a minimum of physical effort 
because of the serious loss in effectiveness of personnel at hiirh 
altitude. ^ 

W The wail of the cloud chamber was to have the smallest 
surface density consisUnt with a contained pressure of 200 
atmos. 

(5) The configuration of the instrument was to place a 
mm»mum of restrictions on the experimenU that might be 
performed with it. 

We arrived at a design which yields an illumi¬ 
nated volume 9 in. in diameter and 2* in. deep, in 
a magnet which produces 8800 gauss for 43 kw. and 


which can dissipate 100 kw. given 10®C intake 
water. The instrument less trailer and generators 
weighs 8 tons and occupies about 40 percent of the 
available floor area of a trailer of 25-ton capacity. 
The surface density of the cloud-chamber wall is 
15 g/cm* and since the material is of low atomic 
number, there is little probability of shower pro¬ 
duction by electrons or photons in the wall. The 
exterior of the chamber is accessible and almost 
any arrangement of lights, triggering devices, ab¬ 
sorbers, etc. can be used. It requires 90 min. to 
remove the cloud chamber from the magnet; of 
this time, 60 min. is required to release the gas and 
other fluids. 
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The design evolved is shown in Figs. 1-3. The 
cloud chamber proper is defined by the machined 
aluminum alloy cylinder A, the circular glass plate 
B, and the rubber diaphragm sealed piston C. The 
piston is caused to move by pumping oil into the 
chamber E until rheostat F balances the bridge 
circuit of which it forms one arm. The piston is 
caused to move back, thereby expanding the 
chamber, by releasing a measured quantity of oil 
from chamber E into another vessel. A system of 
pneumatically operated valves with electrical con¬ 
trol allows this cycle to be repeated automatically. 

This assembly is made pressure tight by rigidly 
clamping it between the poles G of an electromagnet 
by means of four studs IL The thin glass plate B is 
supported hydrostatically by water in chamber / 
which is automatically kept at the same pressure 
as the oil in chamber E, 

Stereoscopic photographs are taken through the 
thick glass windows J and light is admitted to the 
chamber through window K, 


THE MAGNET 

A general view of the instrument, with magnet 
coils removed to show the shape of the magnet, 
appears in Fig. 2. The magnet was cast and ma¬ 
chined for us by the Boston Navy Yard.*^* The 
material satisfies Navy specification 49-S-l Class F 
(carbon 0.3 percent, manganese 0.6 percent, phos¬ 
phorous O.OS percent, sulfur 0.05 percent, silicon 
0.2“0.3 percent, nickel 0.85-1.00 percent, chromium 
0.4 percent). 

The pole shape and yoke dimensions were based 
on previous experience with a smaller magnet.® 
These dimensions were then altered to provide a 
structure of sufficient strength to withstand a 
pressure of 3000 p.s.i. on and in each |X)le. 

Each pole is a frustrum of a right circular cone 
of diameters 13 in. and 18 in. and lOj in. in length. 
Both poles are hollow. 

The cavity E is circular in cross section, and is 
made just large enough to house the piston-bearing, 
control-rheostat, and the high voltage lead. 

The cavity / (cf. Fig. 1 and Fig. 3) is defined by 
the volume of two skewed circular cones of common 
base. This shape of cavity produces the most rigid 
structure consistant with the requirement that an 
unobstructed view of the illuminated volume be 
obtained from each of the two windows /. This 
cavity was cored and its surfaces were not ma¬ 
chined. They were coated with Malacca #810 
Neoprene*** compound applied in several succes¬ 
sive coats and then cured by an air blast (150*F) 


*• We wish to record our indebtedness to Commander F. B. 
Merkle and his stoff at the Boston Navy Yard for their 
efficient effort in making this magnet. 

* G. E. Valley, Phys. 1^. 727772-83 (1947). 

*•* Glover Coating Company, Malden, Massachusetts. 


for 24 hours. This coating has thus far protected 
the cavity surface from rusting. 

At a pressure of 3000 p.s.i., the force tending to 
push the poles apart is 260,000 lb. This force is 
transferred through the magnet yoke to four 2i-in. 
studs H (Fig. 3). The portion of the yoke which is 
perpendicular to the axis of symmetry is designed 
to be a beam of uniform strength loaded at the 
center. It is seen from Fig. 2 that every section of 
the beam taken parallel to the axis of symmetry is 
a **T’* section. The web of the **T” section is shaped 
as two parabolas whose vertices are at the end 
supports. Since the structure was cast, this shape 
introduced no difficulties of fabrication and yielded 
a net saving of 1000 lb. as compared with a magnet 
yoke of uniform cross section, calculated to give 
the same deflection under pressure. 

Type 49-S-l Class F steel has a tensile strength 
of 85,000 p.s.i,, and a yield point of 53,000 p.s.i. 
The most highly stressed part of the yoke occurs 
at the tip of the pole which contains the water 
column /. Here the metal is approximately 1.5 in, 
thick. Strain gauge measurements over this region 
at 3000 p.s.i. indicate that the outside surface is 
stressed to 6750 p.s.i., from which the inner surface 
is calculated to be stressed to 8700 p.s.i. 

The four 2|-in. studs H which hold the yoke 
together are machined from Elastuf Type A-2 alloy 
machinery-steel. This steel has a tensile strength of 
140-160,000 p.s.i. and a yield point of 125“145,000 
p.s.i. with 16-20 percent elongation. Each stud is 



Fio. 2. Photograi^i of front end of magnet with coils removed. 




loaded to 15,000 p.s.i., and withstands a total of 
65,000 lb. when the chamber is pumped up to 3000 
p.s.i. Under this condition each stud elongates by 
0.020 in. Thus, if the studs are initially unstressed, 
the magnet poles will separate by 0.020 in. due to 
this cause alone, upon application of pressure. 
Prestressing of the studs could of course nullify 
this effect, however, since the poles separate by an 
additional 0.005 in. anyway, due to bending of the 
yoke under pressure, we have not chosen to pre¬ 
stress the studs. Instead, we use a system of gaskets 
which remain tight for a relative displacement of 
the poles by more than 0.030 in. 

We tried to mount the m^^net as far above the 
trailer floor as was safe in view of the position of 
the center of gravity of the loaded vehicle. The 
center line is actually supported 38 in. above the 
floor, which gives ample room, for placing other 
detecting devices beneath the cloud chamber. The 
frame supporting the front half of the yoke slkles 
on triangular ways, propelled by means of a screw 



Fig. 4. Axial component of magnetic field alotm horizmital 
radiu4io median pluw at 38Jew. 


and wheel (Fig. 2). All parts of the frame in contact 
with the magnet yoke are made of Type 304 non¬ 
magnetic stainless steel. The yoke is bolted to the 
frames with push-pull screws so that it can be 
leveled and aligned to the precision required by 
the gasket system. 

Because of the hollow poles and the compara¬ 
tively poor magnetic properties of the steel of 
which the magnet is made, we regard the field 
distribution (Fig. 4) as being quite satisfactory. 
Figure 4 shows the axial field component along a 
horizontal radius; in this direction the cavity / is 
effectively a cylinder. The distribution along a 
vertical radius differs from that of Fig. 4 by less 
than 1 percent. This observation indicates that if 
one is going to put a hole in a magnet pole, there 
is little gained by using a conical hole rather tham 
a cylindrical one of equal base radius. It will be 
noted that the maximum difference in axial field 
component shown in Fig. 4 is 500 gauss in 8500. 
The field may therefore be said to be uniform to 
:£3 percent. The method of construction of the 
coils is described in an accompanying paper.* 

THB CLOUD CHAMBBK PROPBR 

The cloud chamber is shown in detail in Fig. 5. 
The chamber wall is essentially a cylinder of 9 in. 
i.d. and 13.5 in. o.d. and is 8 in. long. As shown in 
insert A of Fig. 5, the wall of this cylinder had to 
be considerably thickened where the illumination 
window K was to be inserted in order not to weaken 
the structure. This eccentric configuration itself 
introduced new problems of stress distributi<m 
which we solved by approximate methods. 

'Coonrod, Ceooonl, Gcdrsitui, Harper, and Lewis, Rsv. 
Sci.>sb 20,406 (1949). 
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This configuration gives us a surface density of 
15.5 g/cm* over half the surface of the cylinder 
and approximately that value over the surface of 
the illumination window K, Since the cylinder is 
only clamped between the maugnet poles, it can be 
rotated about the axis of symmetry to place the 
thin sections in best orientation for a particular 
experiment. Thus, for anticoincidence triggering, 
we orient the thin section to the bottom and allow 
the counter-telescope collimated incident radiation 
to enter through window K after passing through 
the lamp L ; whereas, for an experiment to observe 
the decay of ordinary mesons, we might reverse 
this orientation. 

The choice of the material from which the 
chamber wall was made depended upon its availa¬ 
bility, machineability, corrosion resistance, and 
upon its density in proportion to its strength. 
Table I shows wall surface densities for various 
materials when a safety factor of five is assumed 
for a 9-in. i.d. cylinder to contain 3000 p.s.i. 

It is seen from Table I that either aluminum alloy 


Table 1. Attainable wall surface densities for 
various materials* 


Material 

Yield point 

Wall 

thickneM 

(cm) 

Detutty 

(g/cm) 

Surface 

density 

<g/cm*) 

Stainless steel 

60,000 

3.4 

7.9 

27.0 

Beryllium copper 

95,000 

2.0 

8.3 

16.5 

Red brass (hard) 

55,000 

3.7 

8.8 

32.4 

Aluminum alloy 
61S-T 

40,000 

5.7 

2.7 

15.5 

Magnesium alloy 
ASTM No. L 

26,000 

10.7 

1.7 

18.6 


61S-T or beryllium copper might have been chosen. 
Because of its lower atomic number and greater 
availability, we chose to make the cloud chamber of 
aluminum alloy 61S-T. This alloy was chosen 
instead of other higher strength aluminum forging 
alloys because of its greater resistance to inter¬ 
granular stress corrosion when subjected to contin- 



iMtrt S 


Fig. 5. Detail side elevation section of cloud chamber showing electrical connections; insert A shows plan 
and front elevation of cloud chamber; inmtt B shows pressure seal of window JT. InserU A and B are not to 
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uous stress in the presence of liquids.**** The 
chamber was machined from a forged biscuit 20 in. 
in diameter and 9 in. thick. In order to protect the 
aluminum and to prevent undesirable light reflec¬ 
tion, the finished chamber was anodized black all 
over. 

A strain rosette cemented to the chamber wall at 
its thinnest section showed a principal stress of 
4000 p.s.i. corresponding to a stress of 6400 p.s.l. on 
the inner surface, when the contained gas pressure 
was 3000 p.s.i. It will be noticed from Table I that 
we calculated safety factors from the yield points 
rather than from the ultimate strengths of the 
various materials. This was because any yielding 
of the material would prevent proper functioning 
of the pressure seals and would constitute a prac¬ 
tical failure. 'Phus, as far as explosion hazard is 
concerned, the safety factors are larger than given 
here and may in some cases change the order of 
apparent desireability of the various materials. 

The glass window K is supported by a f-in. 
shoulder as shown in Fig. S. A rubber-asbestos 
gasket thick is inserted between the glass 

and the metal in order that the surface of the metal 
shoulder need not be polished to avoid locally 



Fig. 6. Assembly drawing of valve 22, air pilot valve 
__ for main expansion valve 19, 

****We are much indebt^ to Mr. W. G. Dow of the 
Aluminum^mpany of America, and to the members of their 
res^rch laboratory who checked the stress-corrosion behavior 
of mese alloys under stress tn an alcohol-saturated atmosphere. 


stressing the glass. This gasket is only for mechani¬ 
cal support of the glass, and is not a pressure seal. 

The pressure seal is obtained by tapering and 
polishing the edge of the glass (taper in. in in.) 
and inserting an “0’*-ring* gasket of }-in. diameter 
between the glass edge and the polished wall of the 
cavity into which it fits. This is an application of 
P. W, Bridgeman’s “unsupix)rted area*' principle. 
It is readily seen that the greater the pressure the 
further into the tapered gr(X)ve is the 0-ring forced, 
and the tighter is the seal. 

The glass is IJ-in. selected plate prestresse<lt by 
file usual heat treatment after being ground and 
polished to the desired shape.ft 

Such a 2-in. by 6-in. light of Herculite is expected 
to fail at an applied pressure of 22,000 p.s.i. which 
gives us a factor of safety of 7.3 at our maximum 
working pressure of 3000 p.s.i. Although a safety 
factor of 10 is usually recommended, we consider 
this adequate since we can pretest individual 
pieces of glass to 4500 p.s.i. by filling the entire 
chamber with water, and also because there is no 
clamping frame needed to hold the window in 
|X)sition. 

Heat-toughened glass has initial compressive 
stresses on the surface and a tensile stress at its 
mid-plane. A fully ^‘tempered’* plate (4000-^/in. 
center tension) has stress of about 9200 p.s.i. at 
the center. The surface compression has a higher 
value. A test at 3000 p.s.i. using strain rosettes 
cemented to the outer surface of the Herculite 
window showed that the maximum principal stress 
was 5250 p.s.i. tensile. Thus the window has in use, 
a residual surface compression in excess of 2000 p.s.i. 

It will be observed that whereas the chamber 
diameter is 9 in., the maximum unobstructed width 
of the window is only 6 in. It was therefore neces¬ 
sary to insert a plano-concave diverging lens in 
order to illuminate the entire chamber. This was 
ground from a piece of plate glass of the same 
original size of that from which the window K was 
made. It would have been easier to use a plastic 
for this but we find that Lucite, when exposed to 
air after a previous exposure to alcohol, develops 
surface cracks and becomes cloudy for that reason; 
polystyrene is not subject to this difficulty but is 
less desireable mechanically. The cylindrical surface 
has a radius of in. and so serves also to make the 
inside of the chamber smooth. This lens simply rests 
on the Herculite window, being held from falling 
out by a pair of i-in. square brackets screwed to the 
cavity walls. The resultant illumination is satis¬ 
factorily uniform over the entire chamber diameter. 

<F. N. D. Kurie has discussed the use of “0"-rings for 
vacuum seals, Rev. Sci. Inst. 19, 4S5 (194S). 

t The Pittsburgh Plate Gloss Company’s Herculite process, 

ft All our glass parts were ground and polished by the A. 
D. Jones Opdeat Company, Cambridge, Massachusetts. 
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Fig. 7. Section of needle valve 8, shown as mounted 
in cloud chamber wall. 


The crevices required for the sealing gasket are 
filled with a soft wax. This is made by mixing equal 
parts of petrolatum and i)araffin, blackened with 
carbon-paper pigment. This material is soft enough 
to transfer the gas pressure to the O-ring seal at 
all normal temi>eratures. 

The positions and shapes of the gaskets required 
to seal the chamber to the magnet poles are shown 
as Parts 1 and 2 in Fig. 5. Because of the shape of 
the pole faces between which the cloud chamber was 
to be mounted and the inevitable deflection of the 
yoke, ordinary gaskets were unsatisfactory^ to seal 
the chamber to the pole faces of the magnet. A 
satisfactory gasket scheme for this application must 
(1) be leakproof at 3000 p.s.i. even when the initial 
or tightening pressure is relaxed due to the yoke 
deflection; (2) be easily assembled and disas¬ 
sembled ; (3) not require too close machining toler¬ 
ances; and (4) not be very {)osition sensitive. 

The gaskets used are cut from |-in. Neoprene 
sheet (45 durometer) and are flat. The gasket seat 
on the chamber is tapered so that when the cylinder 
is tightly clamped between the poles, the gasket is 
iV in. thick at the stainless steel ring (Part 3 in 
Fig. 5), and J in. thick at the inside diameter of the 
chamber. Gasket (2) being a solid sheet also serves 
as the moving diaphragm C of the cloud chamber 
and separates the oil in cavity E from the gas in 
the chamber. These gaskets also make use of the 
unsupported area principle. 

A half-size model of this gasket arrangement was 
built and tested prior to incorporation in the final 
design. In the model, two flat plates were used for 
pole faces and the model tested to 6000 p.s.i. with 
the end plates (poles) moved progressively further 
apart.* This test indicated that the gasket system 
would remain tight if the magnet poles separated 
by as much* as O.OSO in, under pressure. The meas¬ 
ured total separation of the poles of the final 
instrument was 0.025 in. at 3000 p.s.i., which 
includes the 0.020-in. bolt elongation and O.OOS-ln, 
yoke deflection, 

^jTa. Vitale, L.N.S,E., Technical Report No. 1, 1947. 


The rings (3) serve to locate the cloud chamber 
between the poles and also prevent gaskets (1) and 
(2) from blowing out as the poles separate. These 
rings slide freely in both the dural cylinder and in 
the pole faces and enter } in. into each. The poles 
need be moved apart only 1 in. from the closed 
position shown in order to insert or remove the 
chamber. 

Gasket (4) is a conventional flat gasket made of 
80-durometer rubber. Item (5) is not a complete 
ring gasket but is sectioned to serve as a cushion 
for preloading gasket (4). The diaphragm gasket 
(2) was first made of Chemigum and vulcanized to 
the piston plate (6). The present design makes the 
clearing field electrode (7) a f-in. thick brass plate, 
A tongue and groove clamping ring of J-in. diameter 
is cut on the electrode and piston plate. Thus, any 
diaphragm material can be used and changed at 
will by simply removing one screw. 

A combination of parts like (1) and (3) (Fig. 5) 
was also used to seal the end plates M and N 
(Fig. 3). 

The two windows J (Figs. 1 and 3), have con¬ 
ventional flat gaskets (80-durometer Neoprene) 
between the glass and the end plate (Af). A flanged 
cup fits over each glass plug and is screwed to the 
end plate to preload its gasket. When under pres¬ 
sure, the ratio of light area to gasket area is suffi¬ 
cient to ensure a tight seal. 

HYDRAULIC SYSTEM 

The mode of operation of the hydraulic system 
for actuating the cloud-chamber piston is essentially 



Fig. 8. Photograph of rear of magnet showing hydraulic 
system and water cooling pipes for magnet. 
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that described by Johnson, DeBenedetti, and Shutt.* 
We have made use of commercially available parts 
wherever possible. These are listed in Table II. 
The piping diagram is shown in Fig. 1. Figure 8 is 
a photograph of the rear of the magnet and shows 
the hydraulic system. The water-oil pressure equal¬ 
izing system consists of a water-fill^ Buna-S bag 
immer^ in oil which is contained in a strong steel 
cylinder. The interior of the bag is connected to 
water cavity /, and the interior of the steel cylinder 
is connected to oil cavity E as shown in Fig. 1. 
Ob>dously a change in oil pressure is immediately 
transmitted to the water and both remain always 
at the same pressure. Since the piston is free, the 
oil pressure in turn always equals that of the gas in 
the cloud chamber. Consequently, the water and 
gas are also at the same pressure and there is no 
net force on the glass plate B, 

The brass piston rod slides in a stainless steel 
bearing insulated from but supported by a perfo¬ 
rated brass disk P (Fig. 5). 

Prior to an expansion, all valves, except the 
throttle valve #13 and valve #12, are clos^ and 
the expansion vessel is partly filled with oil and 
partly evacuated. To make an expansion the com¬ 
pressed air, which holds valve 19 closed, is released. 
This release of air is achieved by means of the 
permanent magnet Fussell type valve 22,’"** shown 
in detail in Fig, 6. Valve 22 is designed to open 
valve 19 suddenly. It is held shut by a permanent 
magnet in order that it shall not open in case of 
power failure. The dash pot arrangement shown in 


Fig. 6 is required to prevent valve 22 and therefore 
valve 19 from reshutting before the piston has 
finished moving (i.e., before the expansion vessel is 
completely full of oil). Valve 22 is made to open by 
means of the system of LePrince-Ringuet as de¬ 
scribed by Chu and Valley. 

After the expansion, the expansion vessel is filled 
with oil but none escapes through valve 12 because 
of the check valve 23 on the end of the vertical 
pipe which is inserted in the expansion vessel. Two 
seconds after the expansion, the dash pot on valve 
22 allows it to close and immediately thereafter 
Vklve 19 closes, thus isolating the expansion vessel 
from the remainder of the system; therefore, the 
next two operations, of recompressing the cloud 
chamber and of re-evacuating the expansion vessel, 
can proceed independently of one another and in 
any time sequence. We therefore do not provide a 
timed sequence of operations; instead, we allow the 
system to recock itself under the control of its 
interlocking relays alone. 

For instance, the high pressure oil pump is 
actuated, and valve IS is opened, by any unbalance 
of the bridge circuit of which rheostat F is a 
component which indicates that the piston has 
moved in the expanding direction by more than 
0.005 in. This is subject only to the condition that 
the main valve 19 is closed. Thus, while the 
chamber is standing cocked, any leaked oil is 
automatically repumped. It should be remarked 
that we have kept the instrument at 1500 p.s.i. for 
several weeks at a time and have, during such 



Fro. 9. Schematic wiring diagram of piston control bridge. 


• lohnson. DcBcnedetU, and Shutt, Rev. Sci. Inst U, 265 (1943). 
I h 5^* ^10, 321 (1939). . ' ^ 

F. H. Chu and G. E. Valley, Rev. Sci. Inst 19, 496-99 (1946). 
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Table II. Components for high pressure d[oud*diamber hydraulic system. (See Fig. 1.) 


Part 


Valves 15 and 20 
Valve 19 
Valve 13 
Valve 18 
Valve 22 
Valve 8 
Valve 23 

Valves 2, 3. 4. S, 6, 9, 10. 11. 12, 14, 
16. 17, 21 

Air valves to operate valves IS and 20 

High pressure gauges 

Air alarm gauge 

Accumulator 

Equalizer 

Gas pump 

Gas puriner tiller 

Suction pump 

High pressure oil pump 

Fittings, pipe 

Fittings, tubing 


_ Type _ 

# 108, i-in. port, air-to-open 
#37, 1-in. port, air-to-close 
#222-H-^m. bar stock globe valve 

# 1130-1-in. hydraulic rdief valve 
Special air valve 

Special needle valve 
Special check valve 

Nos. 222-H. 2221-H i-in. bar stock gl 
P32-X solenoid valve 
#0-5000 p.s.i. 

#0-100 p.s.i. 

DD3-100 

DD3-100 (modttied accumulator) 
GD7-100 (moditied accumulator) 

FI WE carbon tube 
“Pressovac" 

GMD 1-92-100-T 

Spec, for 3000-p.s.i. working pressure 
Ermeto 


Manufftcturcr 

Mason Neilan Reg. Company 

Mason Neilan Reg. Company 

Crane Company 

Crane Company 

See Fig. 6 

See Fig. 7 

See insert, Fig. 1 

valves Crane Company 

Automatic Switch Company 
Ashton Valve Company 
Ashton Valve Company 
Greer Hydraulics, Inc. 

Greer Hydraulics, Inc. 

Greer Hydraulics, Inc. 

R. P. Adams Com^ny, Inc. 
Central Scientitic Company 
Milton Roy Company 
Crane Compaq 
Weatherhead Company 


periods, never actually observed any gas, water, or 
oil leakage. 

Oil is removed from the expansion vessel by the 
vacuum pump as soon as the check valve 23 is 
opened. This occurs as soon as valve 20 opens and 
allows the pressure in the expansion vessel to fall 
to zero. The vacuum pump then pumps out the oil 
in the expansion vessel until its level falls to the 
port of valve 23; thereafter it removes any residual 
gas. The evacuated volume of the expansion vessel 
is obviously the same as the change in volume of 
the cloud chamber. It can be changed by raising 
or lowering the tube which holds valves 23 and 12. 
At present we allow the vacuum pump to operate 
continuously. The evacuated volume produced in 
the expansion vessel is satisfactorily reproduceable 
for expansions made at equally spaced intervals. 
When expansions are made at irregular intervals 
controlled by counters, the system of allowing the 
pump to operate continuously is not completely 
satisfactory, and we propose in the future to pump 
the expansion vessel for a fixed interval of time 
only, after each expansion. 

We have found it desirable to interlock the 
system fairly completely. Valve (#22) cannot be 
triggered unless valve 20 is closed, nor while the 
piston controlling bridge is unbalanced nor, after 
an expansion, until the high pressure oil pump has 
started to recompress the chamber. Valve 20 in 
turn cannot be opened unless valve 19 is closed and 
the air pressure is 40±5 p.s.i. This is required 
because the main valve 19 will leak if the air 
pressure is below 30 p.s.i., and valve 22 will spon* 
taneously open if the air pressure is al^ve 55 to 
60 p,s.i. In addition, the high pressure oil pump is 
turned off and an alarm is sounded by a time clock, 
if it pumps for 10 sec. longer than the average time 
pbscrv^ to required at the expansion ratio in 


use; and if this fails to stop the pump, its power is 
cut off by the high pressure alarm gauge at a 
pressure 500 p.s.i. in excess of operatiiig pressure. 
All electrical controls failing to stop the pump, 
safety valve #18 will open at 3500 p.s.i. and bypass 
the system to the oil reservoir which is at atmos^ 
pheric pressure. The last two safety devices prevent 
the entire apparatus from exploding; the previously 
mentioned devices prevent the more delicate struc¬ 
ture of the piston from being broken. 

ELECTRONICS 

Piston Control Bridge 

This circuit (Fig. 9) consists of an ordinary 
resistance bridge powered by 110 v 60 c from the 
mains. The unb^ance signal is amplified and 
limited by Fa, and applied to the cathode of the 
phase sensitive detector F*. Tube Fs is rendered 
phase sensitive by using 60 c 220 v (also derived 
from the mains) as its plate supply voltage. The 
grid of Fa is kept at a fixed bias voltage. Obviously 
the grid potential of Vz can be adjusted so that it 
will conduct only when Fi drives its cathode 
negative during the half-cycle when its plate is 
positive. Since there is a reversal of the phase of 
the signal from Vz when the bridge passes through 
balance, the initial phases can be set so that F» 
conducts only when the bridge is unbalanced in 
one direction. 

Because of the high gain and limiting action of 
Ft, its output signal is essentially a square wave. 
Consequently, when Fi conducts, it functions as a 
normal half-wave rectifier to drive the relay shown 
in its plate lead. When a relay is used whose coil 
resistance is 10,000 ohms, a l-^fd condenser is a 
sufficient filter to prevent chattering of the relay 
contacts. 

The bridge is isolated from the mmns and from 
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the grid of Fja in order that one side of the piston 
rheostat can be grounded. The piston rheostat 
consists of two pieces of resistance card (as used on 
General Radio Company Model 301A, 20K pofenti* 
ometer) mounted side by side. The sliding contact 
is mounted on the piston shaft by a Bakelite arm, 
and so is insulated from the high clearing ix)tential 
which is applied directly to the piston. The sliding 
contact is made of Paliney #7 contact metalftf 
(high palladium—low gold alloy). 

The bridge is so connected that conducts (and 
so activates the high pressure oil pump) when the 
resistance of the piston rheostat is too low for* 
balance. Thus, if the rheostat breaks, the pump 
will not run. Tube is driven by its cathode so 
that the pump will not run if Tj burns out. Suffi¬ 
cient gain and output signal voltage is provided by 
Vi to drive a Type 6AS7 tube as Pj (grid biased 
at —SO V with respect to ground) should it be 
desirable to drive a heavier load than the small 
relay shown. When a 6SN7 is used for Fa, its bias 
can be adjusted over a range of 50 v without 
noticeable effect on performance; likewise the 
adjustment of phase control rheostat Ri is very 
uncritical. 

Tube Fi is a cathode follower which reads the 
voltage across the piston rheostat. This tube drives 


a recording milliameter which records the piston 
position. It is important to know the piston position 
at all times since the unbalanced force exerted on 
it is over 100 tons during expansion, and mechanical 
stops can obviously not be provided; it is, therefore, 
necessary to be certain that the piston is pumped 
sufficiently far forward during the compression 
cycle, so that it will not exceed its allowable traverse 
during expansion. The compressed position of the 
piston depends on the resistance required to balance 
the bridge; thus can be set by adjusting i?a. Al¬ 
though the piston position can be set to ±0.005 in. 
by this device, such precision is unnecessary because 
the piston position affects the volume of the cloud 
chamber before expansion, but does not set the 
expansion ratio directly, since this is determined 
by the evacuated volume of the ‘^expansion” 
chamber. Consequently, an error in the bridge 
balance affects the expansion ratio only to a second 
order. 

MAIN SEQUENCE CONTROLLER 

The only time interval which needs to be pre¬ 
cisely controlled is that between the opening signal 
for the main expansion valve (valve 22 controlling 
valve 19) and that which fires the lamp. 

The circuit (Fig. 10) consists of a slow relaxation 





Fig. 10. Schematic wiring digram of main sequence control circuit. Notes x (1) Double lines indicate wires tg fie insulated 

2000 V. (2) Ceramic switch shorts 1 to 8 contacts when turned, 

ttt From the J. M. Ney Company. 
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oscillator (F-IA, F-3, and K-2B) which fixes the 
interval between expansions, and a delay circuit 
V~S which controls the interval between inception 
of an expansion and illumination of the cloud 
chamber. The remainder of the circuit consists of 
elements controlled by these two. 

The slow relaxation oscillator consists of the 
thyratron F-3 which is grid controlled by cathode 
follower VAA. After the thyratron fires, the con¬ 
densers connected to its plate recharge through its 
20-megohm plate resistor; consequently, the control 
grid potential of F-3 slowly increases toward the 
potential at which it will fire again. It is seen that 
the cathode circuit of VAA has a split load resistor 
with two taps, either of which can be selected by a 
switch SW-f. The voltage obtainable from the left 
tap can rise to the firing potential of F-3; that from 
the right tap can rise only to within a few volts of 
firing potential. With the switch in the right 
position the thyratron can only be fired if a positive 
pulse is applied via limiting diode F-2i4, and if its 
plate condenser has had time to charge. Limiting 
diode V-2B prevents the grid of VAA from ap¬ 
proaching so close to the potential of its plate that 
a trigger pulse could produce no effect. The relaxa¬ 
tion period of K-3 can be selected between 0.3 and 
4 min, by choice among several values of plate 
condenser. 

The period of V-3 is multiplied by ten by means 
of the stepping switch shown.tttt ^veral features 
of the circuit are determined by the peculiarities 
of this switch, which was the only one with a 
reasonably high coil impedance available to us. 

This switch makes one step whenever V-3 fires. 
A pulse is taken from the cathode of F-3 when it 
fires and is applied to the grid of V-9A of flip-flop 
F-9, The signal from F-9 turns on the grid-con¬ 
trolled rectifier 6AS7 which furnishes the 14 watts 
necessary to actuate the stepping switch. This 
arrangement requires a separate floating power 
supply which has not proven unsatisfactory. The 
alternative would be to put a pilot relay in the 
plate circuit of V-9B and use this to control the 
step switch—one still needs 14 watts of d.c., and 
no reduction of complexity results. Flip-flop F-9 
is required because the pulse from F-3 is far too 
short to actuate the stepping switch. Another 
method of actuating this switch would be to dis¬ 
charge a large electrolytic condenser through its 
coil by means of a gas tube. Since the condenser 
could be recharged slowly, power could be taken 
from the regulated supply; furthermore, no flip-flop 
would be required to lengthen the pulse, A con¬ 
denser of about 100 ^fd at 300 v would be required. 

The control grid of thyratron F-3 is connected to 
moving contact B of the stepping switch; this 

tttt Stepping switch type Guardian R.E.R* 


contact can bear successively on any one of eleven 
fixed contacts; of these the first ten are permanently 
connected to the higher potential side of SWA. 
In consequence, the thyratron fires automatically 
until arm 3, after 9 periods of F-3, finally rests on 
contact eleven. The position of the moving contact 
of 5PF-1 can then determine whether the thyratron 
fires automatically or not at the end of the tenth 
period. 

When arm A of the stepping switch is at position 
eleven, the cathode signal of F-3 can, besides 
triggering F-9, also trigger valve 22, thus expanding 
the cloud chamber, and can also trigger the delay 
flip-flop F-5 which controls the flash lamp. Thus, 
when SWA is in the left position the cloud chamber 
operates automatically (making ^Tandom” expan¬ 
sions), and when STF-1 is in the right position the 
chamber waits until expanded by a Geiger counter 
pulse arriving via Fl-B and F-2i4. 

Initially, in flip-flop F-5, element V-5A is non¬ 
conducting and element V-5B is conducting; this 
situation is reversed when F-S.4 receives a positive 
grid pulse from F-3 via contact .4-11 of the stepping 
switch. The length of time during which F-SB 
conducts on the time constant of the resistor- 
condenser combination of the plate circuit of F-54 
and the grid circuit of F-5B. This is adjusted to be 
about 5 sec. The plate of F-5B is made to increase 
in potential slowly by means of the 28-/iifd condenser 
shown and the output wave form of F-5B is as 
shown on the diagram. This wave is applied to 
^‘pulse-height discriminators” F6, 7 and F12, 13 
which control the camera and light, respectively.* 
These devices can be set to function at a particular 
amplitude of the wave form F-S and therefore at a 
particular time after F-3 has fired. The extra width 
provided for the output wave form F-S is for the 
purpose of keeping the camera relay shut long 
enough to change the film. Although this arrange¬ 
ment allows the time at which the film starts to 
move to be precisely set, this is a feature of no 
great value. 

The stepping switch is of the type which requires 
resetting after each cycle; a spring and ratchet 
combination is built in for this purpose. The pawl 
is automatically lifted for resetting by a magnet 
energized by tube F-11 which is turned on by the 
output signal from F-5 as shown. 

After the switch is reset, arm C of the stepping 
switch applies the grid voltage of F-3 also to the 
grid of F-17B thereby turning it off. This de¬ 
energizes the relay in the plate circuit of F-17B 
and this causes valve 20 to open. Valve 20 therefore 
stays open for a full period of F-3. 

When arm C is at position eleven, the F-3 grid 
voltage is applied to frequency modulate an audio 

• Cf, Rad, Lab, Tech. Ser., Cathode Ray Tube Disj^ys 
(McGraw-Hill Book Company, Inc., 1948), Vol. 22, p. 234 ff. 
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oscillator which sounds a warning note whose fre¬ 
quency increases as the instant of expknsion is 
approached. We have found this to be an invaluable 
device. 

The Btrobatron which energizes the trigger coil of 
valve 22 is triggered by the biased-off multivibrator 
V-14, whose driver tube F-85 is triggered directly 
by the cathode signal from F-3 via contact ^4-11 of 
the stepping switch. A circuit similar to that of K-S 
could alternatively have been used to trigger the 
strobatron. It is always desirable to drive both 
grids of a strobatron with as large voltage pulses as 
are conveniently obtainable; it is also desirable to 
moimt a small panel light next to the strobatron to 
keep its cathode illuminated. With these precau¬ 
tions the device is entirely reliable. 

OPERATION 

The clearing potential which is applied to the 
piston, is requir^ to be about 4000 v. The surface 
resistance of the rubber diaphragm is ohmic and 
depends greatly upon the vapor present in the 
cloud chamber, but is independent of the gas 
pressure. When absolute propyl alcohol is used, the 
resistance is about 20 megohms; any amount of 
water vapor is harmful and can decrease the surface 
resistance by as much as an order of magnitude. 
The current which flows across the rubber mem¬ 
brane produces fog from electrolytic ions; fortu¬ 
nately this fog does not reach the illuminated 
volume until after the tracks have been photo- 



Fig. 11. Cloud<hamber photograph showing sharp negative 
ana pc^itive ion tracks due to a single particle. Range w. 
rattenng me^uremente indicate that the particle is a proton. 
The heavy plumes of ionization are caused corona from 
me sh^ comers of tlie slot in the head of the sorew whi^ 
holds the deadng held electrode to the piston. 


graphed. However, it is necessary to allow it to 
setde out after each expansion if ^e chamber is to 
operate for any length of time. 

Absolute propyl alcohol is very good as far as 
this effect is concerned but requires rather a long 
interval between expansions; absolute ethyl alcohol 
is faster but has also a higher conductivity. We 
have obtained best results with a 3:1 mixture of 
propyl and ethyl alcohols. With either variety of 
absolute alcohol, the volume expansion ratio at 
100 atmos. of argon and with an excess of liquid 
present, is 1.063, If water is added, the expansion 
ratio decreases to 1.04,^® but the performance is 
considerably worse. At a pressure of 167 atmos, of 
hydrogen, the expansion ratio for a minimal expan¬ 
sion ratio mixture of alcohol and water is 1.08. 

By using the cloud chamber itself as a gas 
thermometer, we have determined that the time 
after expansion required to establish thermal equi¬ 
librium is 5 to 7 min. The smallest interval between 
expansions which can be used is 20 min. if the 
device is to be counter controlled and is to operate 
reliably for a long time. The extra time is required 
to establish vapor equilibrium and we are now 
studying means to reduce this. 

We normally operate the chamber unsaturated— 
i.e., with no excess liquid present. We have operated 
continuously for as long as 3 weeks on one charge 
(l.S cc) of alcohol; the required expansion ratio 
gradually increases with time as alcohol is absorbed 
by the rubber membrane. The effect of temperature 
on required expansion ratio is no greater than for 
any ordinary one-atmosphere instrument with 
liquid excess. This procedure does not appreciably 
decrease conduction across the rubber membrane 
but has a number of minor advantages. 

A photograph taken with this instrument under 
counter control has already been published.^* 
Another is shown in Fig. 11 in which the splitting 
of the positive and negative ion component can be 
more clearly seen. 

We find that the shortest time after inception of 
the expansion at which tracks can be photographed 
is 0.6 sec. This has relatively little to do with the 
speed of expansion. Actually, we find that the 
chamber tends to develop a fine general fog if the 
expansion is too fast. We usually operate with 
throttle valve 13 nearly closed, a procedure which 
yields the desired reliability. 

The sensitive time is very long; it can be com¬ 
pared to that of an ordinary cloud chamber by 
observing the average numbers of cqsmic-ray tracks 
which are photographed per expansion. We esti¬ 
mate the sensitive time to be al^ut 5 sec. at 100 
atmos. of argon and a clearing field of about 250 

w Cf. J. S. Uughlin, Rev. Sd. Inst 19, 918 (1948), 

“Valley, and Vitale, Phy». Rev. 78, 201-203 

(1949), 
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v/cm. It is very noticeably longer at ISO atmos. 
The sensitive condition exists before the expansion 
and not after it, and is due to the small diffusion 
and drift velocity. Consequently, it cannot be 
measured by use of a fast motion picture camera as 
is often suggested. We have demonstrated that it 
can be changed by variation of the clearing field in 
the expected way. 

We do not find that an unduly long period of 
time is required to clear dust from the filtered gas 
after filling the chamber. From twelve to twenty 
expansions starting at a ratio of 1.01, repeated at 
four-minute intervals, and graded into the steiady 
regime, suffices. This requires about three hours. 
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APPENDIX I 

The mean square Coulomb scattering angle for a particle of 
known constant momentum traversing a given thickness of 
matter is given in Rossi and Greisen’s review article.** If we 
call this angle 0, and then calculate the magnetic deflection 
angle for the same path length, the ratio B/ip can be taken 
as the fractional error in magnetic deflection caused by 
scattering. It is obvious that this is also the fractional error 
in measured momentum due to scattering. If the formulas 
for scattering and magnetic deflection are combined, we have 

0h*^{K/m)(p/x)\ ( 1 ) 

where H is the magnetic field strength in gauss, P is the 
pressure in atmospheres, and x is the path length in centi¬ 
meters of the particle who.se velocity is ^-r/c, 

K is a constant dependent on the material and has the 
values shown in Table III. 

B. B. Rossi and K. Greisen, Rev. Mod. Phys. 13, 240-309 
(1941). 


Table III. Values of scattering error constant for 
diflerent gases. 


Material 

K 

Argon 

465 

Tetra-fluoromethane (CF 4 ) 

500 

Air (Z.,f«7.2) 

275 

Helium 

56 

Hydrogen (Ht) 

41 


APPENDIX n 

The ions are originally produced along a line, and then 
diffuse radially to produce a track of apparent width te at a 
time t. The problem is to calculate ht)w w depends on / and 
the initial number of ions, formed per unit length of track, /. 

Let the track be vertical, and the x axis be horizontal and 
perpendicular to the line of sight. Then the observed surface 
density of ions is just the number which have diffused to the 
element dx sit x during the time /. 

This is 

where D is the diffusion constant of the ions in the gas. 

We now assume that the optical density of the photograph 
is given by d^logps. This implies that the light from one 
droplet is not obscured by another; this nee<is only be true 
near the edge of the track where p* is smallest. 

Since the tracks appear sharp, and since the film is developed 
to yield maximum contrast, we identify an optical density do 
as defining the observable track edge. Then, 

do * log/i — log2 (ir//D )* — (u>i*/16^/D)-j-cons t, 

where tt»i is the apparent width after a time f of a track 
produced by a particle whose specific ionization was /i. And 
for a second particle: 

do ** log/j “ log 2 (tI/D )* — 16(/D)-f-const. 

Then, if the two specific ionizations are to be compared, 
we have, if t/D is the same in both cases, 

/i//i**exp((tt»i*—wj*)/16</D). 

Thus, a comparison can be made when i/D is known to be 
the same for both tracks; this could be done for counter 
controlled pictures, but the results are very sensitive to the 
observed width. This in turn depends on the level of illumi¬ 
nation in the chamber, a fact which probably means the 
method is only good for distinguishing between tracks of 
particles of very different specific ionizations. We regard 
the comparison of tracks of differing ages to be very rough 
indeed, although obviously possible in principle. 
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Differential Counting nnlth Reversible Decade Counting Circuits'" 

Frederick: H. Martens 

UniversUy of New Mexico, Albuquerque, New Mexico 
(Received March I, 1949) 

Three circuits were designed and built to apply a reversible decade counting circuit to the direct 
measurement of the difference in the counting rate from two counter tube telescopes used in cosmic- 
ray research. The circuits are equally applicable to the direct measurement of the difference in the 
strength of two radioactive samples. An input circuit prevents two pulses from the Geiger tubes 
from arriving simultaneously at the first ring-of-ten. A driving circuit switches and shapes the pulses 
for correct bi-directional operation of the ring-of-ten. A coupling circuit permits two decade rings 
to be operated in cascade^ giving a differential electronic scale of 100. 


INTRODUCTION 

T he difference in the counting rate from two 
sources of electrical pulses may be measured 
with a reversible ring-of-ten.' The pulses from one 
source must be applied alternately to each lead of 
one pair of input terminals in order to advance the 
pattern of the ring in a clockwise direction. The 
pulses from the other source must be applied 
alternately to each lead of the other pair of input 
terminals to advance the ring counter-clockwise. 

An input circuit is required to prevent the 
simultaneous arrival of pulses from both sources. 
A driving circuit must distribute pulses of correct 
shape alternately to each lead of one pair of input 
terminals of the ring-of-ten. A coupling circuit is 
needed when two reversible rings-of-ten are placed 
in cascade. The coupling circuit provides for the 
transmission of a correct coupling pulse to the 



Input Circuit 

a, C*. Cl, Ci, Cl. Cl. Cl, Cl 25 

Ri, R», Ri, Ri, R«, Rii 47.000 ohms, 2w 

Rm ^ Ri. Rif. Rii, Ru 100,000 ohmi, iw 

2.2 fw 

„ S00,000ohm pot. 

ri. Ti, Ti, Ti 6SJ7 

Tt , Ti 6SA7 

+B, +2S(hr; +180v; -C, -20v 


This work was done in a partial fulfillment of the require 
menu for the degree of Master of Science in Physics at th 
University of New Mexico, Albuquerque, New Mexico. 

' V. H. Regener, Rev. Sci. Inst. 17, 375 (1946). 


second ring-of-ten whenever a full decade is added 
or subtracted from the first ring-of-ten. 

THB INPUT CIRCUIT 

The input circuit (Fig. 1) is composed of two 
identical channels, each fed from its respective 
source of pulses and each designed to drive the first 
reversible ring in an opposite direction. Each 
channel is composed essentially of an anti-coinci¬ 
dence circuit required for preventing simultaneous 
pulses in the two channels. Consider only channel I 
as marked in Fig. 1. The input pulses, negative in 
sign, are fed to tube T i and also to the first control 
grid of Ti. The positive pulse from Ti is used to 
drive Ta, the anti-coincidence tube. This positive 
pulse on the second control grid of T* will b^ 
transmitted only if the first control grid is not 
receiving at the same time a negative pulse from 
the input to channel IL Thus, if two source pulses 
should occur simultaneously in the two channels, 
no pulse would be transmitted. This is necessary 
because two pulses fed simultaneously into the ring 
circuit would cause an erroneous reading. The pulse 
from the anti-coincidence tube is inverted by T$, 
This gives a pxisitive pulse to trigger the driving 
circuit described in the next section. 

An identical pulse is delivered by tube T* in 
channel II for each input pulse from the other 
source when not simultaneously accompanied by a 
pulse in channel 7. 

THS DRIVING CIRCUIT 

Each pair of input terminals, PQ and ST (Fig. 2), 
for the reversible ring-of-ten is fed by a trigger 
circuit of the type described by Regener.® If fed 
from channel 7 at (compare Fig. 1) the trigger 
circuit Tx,T%, supplies the necessary positive pulses 
to the ''clockwise" pair PQ of input terminals of 
the first ring-of-ten. The cathode follower circuit, 
Ti, is used to reduce the load on the trigger circuit. 
An identical trigger circuit is placed between 
channel 77 at 3% and the “counter-clockwise" input 
terminals ST of the first ring-of-ten. 

* V. H. Regeoer, Rev. Scl Inst 17, 180 (1946). 
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Fig. 2. 


Driving Circuit 
Cu Cl, C,. Cl, C». Cl. Cl, C% 

Cl, Cw, Cu, Cii 
R\, Ai, R%, Ri 
Ri, Ri, Rt, Rvh 
Ri. Ri 

Rih Ri** Riit Rii 
Rit, Rih Ri*. Rn 
Tu Tt. Ti, ri 
Ti. Ti 

+B, +250v; -C. -20v 


25 pmf 
0.005 Ilf 

47.000 ohms, 2w 
470,000 ohms, Ifw 
22,000 ohms, iw 
470,000 ohms, |w 
2,000 ohms, 2w 
6AK6 
6SN7 


THE COUPLING CIRCUIT 

The coupling circuit providing directional feed 
from the first ring to the second ring is shown in 
Fig. 3. It consists of two pentodes, Ti and Tj, 
which permit only one pulse to pass for each 
complete revolution of the first ring-of-ten. As 
explained below, Ti will pass such a pulse only 
when the ring is proceeding in the counter-clockwise 
direction (from position “0" to position “9"). and 
Tt will pass such a pulse only when the ring is 
proceeding in the clockwise direction (from position 
“9" to position "0”). A driving circuit of the type 
shown in Fig. 2 must be connected between points 
At, Bt, and the "clockwise" and “counter-clock¬ 
wise” pairs of input terminals to the second ring-of- 
ten, respectively. 

The control grids of T i and T « are biased beyond 
cut-off. They are coupled by condensers to the 
plates of two opposite tubes, Tx and Tr, in the 
first ring. The screens are connected directly to the 
two plates of two adjacent tubes, Tc and Td, of 
the first ring. T\ can pass a pulse only when its 
screen is at a high potential, i.e., when tube Tc of 
the first ring is cut off. Similarly, Tt can pass a 
pulse only when tube Td is cut off. 

Let us now assume that tubes Ta, Tb, Tc, Td, 
and Tb in the first ring are conducting. Their plates 
are at a low potential. As the electrical pattern of 
the ring advances clockwise, tube Ta cuts off and 
tube Tr turns on. A positive pulse is fed to Ti. 
However, since the screen grid of Ti is at a low 
potential, no pulse is transmitted. A negative pulse 





Coupling Circuit 

Cl, Cl 25 MMf 

Cl 4 Mf. 50v 

Ri, Ri 22,000 ohms, iw 

Ri, Ri 47,000 ohms, tw 

Ri, Ri 22,000 ohms, 2w 

Ri .500,000 ohm pot. 

Ti, Tt 6AK6 

-fB, +250v; ~C, -^ZOv 

is fed to the grid of T 21 but negative pulses have no 
effect on either Ti or Ti because these tubes are 
biased beyond cut-off anyhow, no matter what their 
screen potential is. There is no occurrence when 
tube Tb shuts off next. When tube Tc cuts off, 
the screen grid of Ti is raised to a high potential, 
so that a future positive pulse on the control grid 
will turn Ti on and thus feed the second ring by 
one step in the counter-clockwise direction. Tube 
Td turns off next. This puts Ti in a condition to 
transmit a future positive pulse which arrives on 
its control grid. The following pulse causes Ta to 
conduct and Tr to cut-off. This puts a positive 
pulse on the control grid of Tg, which feeds the 
second ring by one step in the clockwise direction. 
As the electrical pattern continues to advance 
around the first ring there is no further action, 
except for the lowering of the screen grid potentials 
when tubes Tc and Td turn on. So, for one clock¬ 
wise revolution of the first ring, we have one pulse 
transmitted to the clockwise input of the second 
ring. A similar analysis shows that one pulse is fed 
through Ti to the counter-clockwise input 3% of the 
second ring when the first ring advances counter¬ 
clockwise by one complete revolution. 

A small pulse occurs at the plates of Ta and Tr 
when any of the other tubes in the ring change 
condition. The control grids of the triodes in the 
decade rings must be at zero bias so these pulses 
will not be large enough to disturb the coupling 
circuit. 

This work was facilitated by a Frederick Gardner 
Cottrell Special Grant-in-Aid from Research Corpo¬ 
ration, New York, for cosmic-ray research at the 
University of New Mexico. 
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The Meastirement of the Series-Resonant Resistance of a Quartz Crystal 

L. A. Rosenthal and T. A. Peterson, Jr. 

, Rutgers University, Dept, of Electrical Engineering, New Brunswick, New Jersey 

(Received September 10, 1048) 

Three instruments are described which wifi measure the equivalent resistance of commercial quartz 
crystals in the range of 80 kilocycles to 100 megacycles. Information on the theory and operation 
of these instruments is given. Some data are shown indicating the results to be expected. 


I. INTRODUCTION 

I T has long been the desire of the engineer working 
with crystal oscillators to have available an 
equivalent circuit for the crystal uiJon which a 
design could be based. Unfortunately, certain non- 
linearities enter the picture and make any equiva¬ 
lent circuit exist for but one current level and 
temperature. As next best substitutes, the less 
complex ideas of activity, figure of merit, and 
performance index* were introduced. These ideas 
serve their purpose in comparing crystal units, but 
they are all based on the equivalent circuit, in which 
the resistance is a particularly important parameter. 

The instruments described in the following sec¬ 
tions were used in the investigation on commercial 
quartz crystals of the plated and pressure mounted 
varieties in the frequency range of 80 kilocycles to 
60 megacycles. 


n. THEORY OF THE CRYSTAL AND ITS 
RESISTANCE MEASUREMENT 


The electro-mechanical equivalent circuit for a 
crystal operating at any mode has been shown to 
consist of a series resonant motional arm in parallel 
with a static holder capacity as in Fig. la.* The 
admittance of this parallel combination can be 
represented as a circle diagram* (Fig. lb). A vector 
joining the origin to any point on the circle repre¬ 
sents the total admittance. Four critical points 
are observed on the circle diagram. These are: 


a. 

b. 


c. 

d. 


passing through 

Minimum impedance origin and center of the 
Maximum impedance 

■ies resonance-unity power factor! , ,, . • 

ti-resonance-unity power factor 


Series 

Anti 


From simple geometry, the points are con¬ 
cerned with can be expressed in terms of and a>Co. 


Ztnin • 


c. R,' 


2R, 


(l+a*)i+l 


c — 2R^0q, 


2R^ 


1-Kl-a*)^ 


Es and Wells, J. Inst. Elec. Eng. 93, Pt. 3, 29 (1945) 
C W. Harrison, Bell Sys. Tech. J. 24, 217 (1945); and R. A 
Hetsmg, Crystals for Elearical Circuits (D. Var 

Nostrand and Company, New York, 1946). 

* K. S. Van Dyke. Phys. Rev. 25, 895 (1925). 

Providing * is assumed to be constant. 


The two unity power factor conditions cease to 
exist if “a** is greater than 1. In addition, with no 
crossing of the real axis, there can be no inductive 
component associated with the crystal and it is 
useless for many oscillator applications (e.g. Pierce, 
Miller). 

For the low impedance region that we are con¬ 
cerned with, it is important to realize that minimum 
impedance and unity power factor occur at different 
frequencies and that the series resonant resistance 
for the crystal network is different from the mo¬ 
tional arm resistance. These differences depend on 
the quantity “a” which is generally very small. 

In order to measure the resistance, the crystal is 
made the controlling element of an oscillator which 
operates the crystal in the vicinity of the low 
impedance resonance. In this way the frequency 
stability which is associated with crystal control is 
maintained by the oscillator for the wide range of 
crystals accommodated. The test oscillator must 
have provisions for the measurement of the crystal 
impedance and a check for operation at unity power 
factor. Resistance can be measured by a substitu¬ 
tion method or a calculation method, each of which 
is described below. 

In the substitution method, a resistor is made to 
replace the crystal unit keeping the amplitude of 
oscillation, as measured by the rectified grid cur¬ 
rent, unchanged. If the frequency does not change 
upon the substitution of the resistor it can be 
further assumed that the crystal was operating in 
a purely resistive fashion. At this single frequency 
the substituted resistance is equal to the total 
impedance of the crystal. 

In the calculation method, the voltage drop 
across the crystal, as well as the current through 
the unit, is measured. As an example, the crystal 
can be made the series arm of a **half T” section 
and a resistor the shunt arm. By measuring the 
input and output voltages of this network, the 
crystal resistance can be calculated as: 

Re^iVin/Vout-DRl 

where jRi is the terminating resistance. Of course, 
the above equation can be applied only for a purely 
resistive crystal and therefore some series resonance 
check must be incorporated. The simplest method 
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for the latter check is through the use of a Lissajous 
phase shift pattern between the input and output 
voltages. When these voltages are in phase, corre¬ 
sponding to a' straight line pattern, the cr>^stal 
must be purely resistive. 

Combinations of the above methods were used 
in the test oscillators described in following sections. 
Problems arise that may disqualify one method or 
the other in certain cases. The circuits finally 
chosen gave the most reliable results. 

m. THE TEST OSCILLATORS 

"Fhe low frequency crystal test set (Fig. 2) con¬ 
sists of a two stage tuned amplifier transformer 
coupled to a "pi” attenuator feedback network, of 
which the series arm is the crystal. It is basically a 
modified Heegneri osc'illalor, capable of dissipating 
large amounts of power in the crystal. The input 
and output voltages to the attenuator are measured 
and their relative phase angles observed by a 
Lissajous figure method. 

To operate, a resistor is put across the crystal 
and the gain adjusted so that the circuit oscillates 
continuously over the tuning range. When passing 
through the crystal frequency, the crystaFs low 
impedance shunts the resistor and opens up the 
phase shift pattern from that of a straight line. 








Fig, 1 . Crystal ^uivalent circuit and polar 
admittance diagram. 

• 1C Heegtter, E.N.T. 15, 364 (1938). 


Table I. 


Nominal crystal 
frequency-me 

Resistance at 
harmonic mode 

Ohms 

Harmonic 

mode 

50 

14 

3 

50 

26 

3 

50 

42 

3 

50 

19 

3 

50 

68 

5 

50 

52 

5 

60 

23 

3 

60 

17 

3 

60 

M 

3 

60 

42 

3 

60 

15 

3 


The resistor can then be removed, leaving the 
crystal alone to control the frequency of oscillation. 
By tuning, the crystal phase shift can be controlled 
so that series resonance is readily located. Various 
crystal currents can be obtained under this same 
condition by adjusting the oscillator's over-all gain. 
This low frequency apparatus proved to be very 
reliable in performance between the frequencies of 
50 to 150 kilocycles. The transformer provided the 
chief limitation of the frequency range. 

The medium frequency test oscillator used (Fig. 
3) was a circuit developed by the Signal Corps 
Engineering Laboratories and known as the Crystal 
Impedance Meter.* With the proper choice of tuning 
inductors, crystals between 200 and 15000 kilocycles 
could be tested. This meter consists of a crystal in 
a low impedance feedback network with tuned half 
sections on either side for impedance matching to a 
pentode power amplifier. Rectified grid current and 
crystal current are measured. Since the substitution 
method is used, a calibrated variable resistance 
network can be made to replace the crystal unit. 
Series resonance exists at the point where the 
substitution of a resistor causes no frequency 
change as determined on a stable receiver. 

In operation, a crystal is inserted in the feedback 
network and the oscillator tuned for a peak in the 
amplitude of oscillation as indicated by the rectified 
grid current. This peak is generally accompanied 
by a maximum of feedback current through the 
crystal. The crystal is now in the region of minimum 
impedance and quite close to series resonance for 
these medium frequency units. Then by a process 
of repeated substitution of resistance for the crystal, 
and retuning, a point is obtained where neither the 
amplitude nor frequency of oscillation change in the 
substitution. This value of the substituted resis¬ 
tance is then considered to be the series resonant 
resistance of the crystal. Various crystal currents 
can be obtained by adjusting the screen grid voltage 
of the amplifier tube. 


^C. I, Miller, Jr. Lang Range Planning far Qnartz Crysial 
Units (sig. Corps Labs. Pbl., October IS, 



428 


L. A. ROSENTHAL AND T. A. PETEI^SON, JR. 



Fig. 2. Low frequency test oscillator. 



The circuit used for the high frequency meter 
(Fig. 4) was the same as the medium frequency 
meter. Components have been changed to allow for 
differences at the high frequencies, so that the 
circuit will oscillate up to about 100 megacycles. 
However, this oscillator will tend to operate the 
crystal at minimum impedance if the tuning de¬ 
pends upon a maximum of either d.c, grid or feed¬ 
back crystal current. It has been shown that 
minimum impedance may have more than a negli¬ 
gible separation from series resonance. To assist in 
locating series resonance, an oscilloscope with tuned 
amplifiers was added to indicate the phase shift 
across the crystal. 

The operation of this combination is still simple. 
A crystal is made to oscillate in the meter and a 
receiver tuned to that frequency. A short circuit is 
substituted for the crystal and the meter is retuned 
to the crystal frequency on the receiver. The two 
amplifiers on the oscilloscope are then tuned for a 
maximum deflection which is a straight line at an 
angle of 45®. The crystal is now put in place of the 
short circuit and the oscillator is tuned for zero 
phase shift. By substitution of resistors the resis¬ 
tance of the crystal may be found, as was done 
with the medium frequency meter. 

IV. RESULTS OBTAINED AND DISCUSSION 



Fig. 4, High frequency test set. 


crystals are included (Figs. 5 and 6). The observed 
data give, firstly, an idea of the impedance level to 
be expected, and secondly, the variation of resis¬ 
tance with current level or amplitude of oscillation. 

On Fig. 5 the four apparently identical low 
frequency units have impedance levels between 
1000 and 3000 ohms. The resistance generally 
increases with crystal current, but may have erratic 
variations. The non-linearities that are present in 
many units can probably be ascribed to the coupling 
of extraneous modes into the fundamental response. 
The effect of these parasitic modes will vary with 
the temperature of the quartz and may increase 
the resistance by as much as 500 percent.* The 
disturbing fact is that these modes are unpredictable 
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Fig. 5. Crystal reoistance v$^ current for low frequency unite* 
Four cryataUf cut at 81.94 kc. 


Some typical curves ot the resistance as a function 
of the current level for low and medium frequency 


* Armour Res. Found., Parasitic Vibrations in Quarts 
Osciliairr PkUeSf Report No, 11, July* 1947. 
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among the usual commercial units as shown by 
these four units of the same cut, frequency, and 
manufacturer. 

The medium frequency units were all “idT” or 
“BT” cuts (Fig. 6). The resistance is more uniform 
at low current levels, but at higher levels may rise 
very rapidly. 

The high frequency units which were tested were 
of the harmonic mode shear type. A table of some 
observed resistances at a level of 50 milliamperes 
is included. 
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The remanent magnetometer, sturdily constructed for use in a mobile field laboratory, is capable 
of measuring magnetic moments of rocks as small as 2X10~* e.g.s. unit per cc. A sample of rock 
of 25- to 50-cc volume is rotated over a pick-up coil at 10 cycles per second, and the induced alternating 
voltage, after amplification, is measured in both intensity and phase, and the direction and intensity 
of magnetization determined. The apparatus is calibrate with a needle-magnet of known magnetic 
moment. It has been used successfully in measurements of polarization of the glacial clays of New 
England and sedimentary rocks of the western states. 


INTRODUCTION 

I N September, 1938, one of us* published a 
description of an apparatus designed to measure 
smaii magnetic moments such as those encountered 
in sampies of a few cubic centimeters of magnett* 
caliy poiarized ciay or rock. This apparatus was 
found generaiiy satisfactory in the course of a iong 
series of measurements, but some disadvantages 
were encountered in its use which it was hop^ 
could be avoided when constructing another unit. 
The synchronous commutator detector was in 
constant need of attention and adjustment and did 
not operate satisfactorily over long periods. It was 
planned to eliminate this unit in any new design. 

Furthermore, the apparatus was not sturdy 
enough to withstand the effects of transportation 
to a working site in the field, and samples were 
brought from the field to the laboratory. Tfiis 
proo^ure was not above criticism for, in the course 
of handling and transportation, clay or rock speci- 

< E. A. Johimn, Rev. Sd. Inst 9. 2M-266 (19M). 


mens would be subjected to shocks and heavy 
vibrations, and might be exposed to magnetizing 
fields. Finally, the small sample utilized, a 1.5-cm 
cube, was difficult and laborious to make, so that a 
finished sample might easily differ considerably in 
both size and shape from what was specified. 

With these points in mind, it was concluded that 
further work required a more sturdy apparatus 
which would need minimum maintenance, and be 
able to operate for long periods out of range of a 
laboratory. Greater sensitivity in the new apparatus 
was desirable. The apparatus described here, while 
modeled on the old one, fully satisfies the require¬ 
ments just outlined, and incorporates as well recent 
improvements in electronic components and tech¬ 
niques. 

The old apparatus was used in the laboratory 
from 1937 to 1939 for measurements of the magnetic 
polarizations of glacial clays deposited in Connecti¬ 
cut about 20,000 years ago, and of ocean bottom 
sediments from the North Atlantic, probably dating 
back 400,000 years. Both clays and ocean sediments 
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Fig. 1. Pick-up coil. 


showed slow and restricted variations with time in 
the direction of the horizontal component of mag¬ 
netization (the component corres|X)nding to decli¬ 
nation of the earth’s magnetic field).® 

The apparatus described in the present paper 
was used in New England in 1947 for the measure¬ 
ment of the polarization of 5000 years of deposition 
of glacial clay® and in the western United States in 
1948 for measurerhents on sedimentary rocks 
ranging in age from 10 million to 150 million years.* 
The new apparatus has also been used to measure 
the magnetic moments of very thin films of iron, 
down to 10*'^ mm, in an attempt to verify KitteFs® 
theory that very thin films should act as single 
domains. Preliminary measurements indicate that 
this is indeed the case, since the moments of films 
ranging from 10~^^ to 10~* mm appear to have a 
natural and constant value per cm of thickness and 
cannot be demagnetized. 

MECHANICAL PARTS 

As in the old apparatus, the sample of clay or 
rock is rotated at the end of a shaft, over a system 



J^. 2. Diagram of reference voltage generator. 

id E. A. Johnson, Trans. Int. 

Bull. No. n, 339-347 (1940). 

. and Torreson, Terr. 53, 349-372 


• A, G. McNish and E. A. Johnson, Trans. Int. Union 

and Geophys., Bull. No. 11, 339-347 (1940). 

(j*Johnson. Murphy, ' 

(j^^orreson, Murphy, and Graham, Phys. Rev. .75, 208-20? 

* Charles Klttel, Phys. Rev. 70, 965-971 (1946). 


of coils in which it induces a small alternating 
voltage. The voltage after amplification is measured 
both in intensity and phase, and from the results 
the magnetization of the sample can be deduced. 

The original theory and design appears to be 
satisfactory with respect to design parameters. 
Attempts were made to improve sensitivity using 
balanced coils on an iron core. These failed because 
of the critical requirements for shaped pole pieces, 
and the considerable phase distortion and increased 
60-cycle pick-up in the iron-cored detectors. 

A shaft consisting of a tube of dural one inch in 
diameter and four feet long is supported horizon¬ 
tally in bronze sleeve bearings, on massive mounts 
fixed to the heavy base of the apparatus. The shaft 
is driven at one end, through a reduction gear, by 
a standard synchronous motor, and rotates at ten 
revolutions per second. The motor is shock-mounted 
on the base and connected to the shaft by a flexible 
coupling. The base of the apparatus consists of two 
4-inch I-beams of dural six feet long, bolted to dural 
sheet i inch thick and one foot wide. On the end of 
the shaft remote from the motor, any one of a 
variety of holders, all constructed entirely of a 
plastic material, can be attached in which to mount 
the sample under investigation. The pick-up coil 
system is attached to the base immediately below 
the sample holder. A large aluminum box, with 
walls i inch thick, which helps to shield the coil 
and sample holder electrically and also to prevent 
their being damaged, completely encases the coil 
and the end of the shaft. Other subsidiary devices 
necessary for the measurements are attached to the 
base, but these will be dealt with later. All parts of 
the apparatus except the motor and the magnets 
(described later) are constructed of non-magnetic 
materials. 


PICK-UP COIL SYSTEM 

Johnson,^ in the paper cited earlier, described the 
design of coil systems suitable for his early appa¬ 
ratus; now, however, the development of 10-cycle 
transformers with a step-up ratio of 275 has reduced 
the number of turns required on the pick-up coils. 
The new system, like the old, consists of two coils 
as shown in Fig. 1. The main coil has 1326 turns, 
with a mean diameter of 2f inches, and the total 
number of turns on the outer, or “balancing” coil, 
is 420, the mean diameter being seven inches. The 
balancing coil has taps taken oflF at close intervals 
to permit fine adjustment, and the leads from the 
two coils are joined in opposition. The number of 
turns on the outer coil was determined by trial and 
error, the number being varied until a signal voltage 
of less than 0.001 volt resulted when the complete 
system was placed in a uniform 60-cycle ax. field 
of 2 oersted, a field very much bigger than one 
would expect to encounter. The coils are wound on 
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Fig. 3. Circuit diagram of remanent magnetometer. 
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a massive form of clear plastic which’ is bolted 
rigidly to the longitudinal I-beams of the base. 

RSFERSNCE VOLTAGE GENERATOR 

The phase of the signal voltage is measured by an 
electronic wattmeter. This requires a synchronous 
generator of variable phase and low noise, and a 
permanent magnet generator is used for this pur¬ 
pose, as shown in Fig. 2. The magnet of the gener¬ 
ator is a cylindrical alnico magnet 0.75 inch long 
and 0.9 inch diameter, magnetized to saturation 
along a diametric plane, which is inserted in the 
shaft near the motor end. The generator coil has 
1700 turns and is mounted on a clear plastic drum. 
The drum, which can be rotated by hand, is coaxial 
with the shaft and carries a graduated circle, the 
zero of which can be adjusted. In operation, the 
magnet rotating with the shaft acts as a line of 
dipoles of infinitesimal size and induces in the coil 
a signal of very pure wave form. When the drum 
carrying the coil is rotated, the phase of the signal 
is changed, the amount of change being read off on 
the circle. .This signal is referred to in later discus¬ 
sion as the “reference voltage.’’ 

The rotating magnet also induces a parasitic 
voltage in the main pick-up coil and this is balanced 
out by magnetic and electrical means. First, another 
similar magnet is inserted in the shaft close to the 
original one but antiparallel to it. A third and much 
smaller magnet is mounted nearer the motor at the 
end of the shaft and, by adjusting its distance and 
orientation, it is possible to compensate for the 
signal produced by the magnets, the motor, and 
the traces of magnetic material in the shaft and 
components, and reduce the effect to a quite small 
value, equivalent to a moment of 2X10~‘ c.g.s. 
unit at the center of the sample holder. This 
“residual signal’’ does not stay constant but varies 
within small limits, due possibly to temperature 
differences between the compensating magnets. To 
eliminate the "residual,” resort is had to electrical 
means. A second generator, very similar to the 



Fig. 4. Frequency reeponM of unit amplifier. 


first, is made by installing a small coil near the 
second balancing cylindrical magnet. The current 
from this coil is fed through an attenuator to a 
small coil located beneath the main pick-up coil, 
as shown in the circuit diagram of the whole 
apparatus in Fig. 3. By varying the phase and 
intensity of the signal from this compensating 
generator, it is possible, with surprising ease, to 
reduce the "residual” below the limits of measure¬ 
ment of the detecting apparatus. 

AMPLIFIERS 

The main pick-up coil is coupled to the amplifiers 
by a transformer. This is of a special type made by 
the United Transformer Company for use at fre¬ 
quencies between 5 and 100 cycles per second. It 
is made to match impedances of 10 and 750,000 
ohms. The turns’ ratio is 275/1. A small capacitor 
is joined across the output terminals, acting as a 
filter for frequencies higher than 10. 

The amplifier is constructed in eight units, the 
units being almost identical. Each unit amplifier 
has a high gain pentode (6SJ 7) operating with about 
two percent feedback, and an R~C filter network. 
The V 2 dues of the impedances and the feedback are so 
chosen that the over-all gain per stage is ten at ten 
cycles per second, the final adjustment being ob¬ 
tained by changing the value of the cathode resistor 
within narrow limits. 

Each of the first six of the unit stages has at its. 
terminal a pair of resistors with values in the ratio 
of 9 to 1. A relay-operated switch connects the 
grid of the tube of the next unit stage across one or 
both of these resistors to provide either one of two 
gains, ten or one. The seventh stage has ten equal 
resistors at its terminal, to provide any unit gain 
from one to ten. The eighth stage always operates 
at a gain of ten. 

By means of two controls, one operating the 
switches between stages, the other the ten-position 
potentiometer of the seventh stage, it is possible to 
choose the over-all gain of the amplifier in a range 
of values from 10 to 10^. All the stages are always 
in operation. 

The filter network serves several purposes. It 
discriminates strongly against 60-cycle signals 
arising from large 60-cycle gradients, and it de¬ 
creases the band width, which prevents overloading 
of the final stages by noise when the amplifier is 
used at high gain. It also filters out undesired 
harmonics. Figure 4 shows the frequency discrimi¬ 
nation for each stage. 

The negative fe^back stabilizes each stage so 
that it is independent of large changes in plate and 
filament supply. The gain of each stage is found to 
stay constant within one percent over long periods. 

The grid bias on the tubes in each stage except 
the last one is approximatdy one volt. In die hurt 
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stage it is 1.8 volts. The impedances in the plate 
circuit are so chosen that no damage can result if 
any stage is accidentally overloaded. 

The over-all frequency response of the apparatus, 
including the coils, transformer, amplifiers, output 
stage, and voltmeter, is given in Fig. 5. The band 
width measures 6.5 cycles. The peak occurs at 7 
cycles and is the result of trying to achieve a narrow 
band width and a large discrimination against 60 
cycles at the same time, without too elaborate a 
filter and too much loss in gain. The first tube was 
chosen for low flicker noise. The measured noise at 
ten cycles is about twice the thermal noise in the 
first grid circuit. 

POWER SUPPLY 

Power for the amplifiers and the remainder of the 
electronic equipment is obtained from the 60-cycle 
commercial power circuits or from a 60-cycle 
portable generator. One regulated 300-volt d.c. 
power pack provides a “5” supply for the first six 
amplifier stages, each stage incorporating its own 
decoupling circuit. The other two stages and 
equipment are fed from a similar power pack. In 
the remaining parts of the circuit, a constant- 
voltage “j 4" supply is necessary, so the complete 
filament supply comes from a regulated d.c. power 
pack of variable voltage. The voltage is about 6.2 
volts. The amplifiers will operate quite well with 
no noticeable increase in noise if a 6.3-a.c. voltage 
is used in the filament circuits instead of a d.c. 
supply. 

INTENSITY MEASUREMENT 

The signal picked up by the coil is amplified at a 
chosen gain value until the output voltage of the 
amplifier lies between two and eight volts, as read 
from a meter on the instrument panel. A cathode 
follower is used in an output stage and the signal, 
split into two parts, is fed into the remainder of the 
circuit. For the intensity measurement, one part is 
measured in a vacuum-tube voltmeter circuit, 
which uses germanium diodes for rectification and 
has a period of four seconds. 

The intensity meter reading in volts is readily 
converted to intensity of magnetization when the 
apparatus is calibrated. Calibrating is done with a 
small alnico magnet embedded in a piece of plastic 
of the same size and shape as the specimen. The 
magnetic moment of this magnet, of the order of 
1 e.g.s. unit, is known from magnetometer readings. 
Since the gain of the amplifier is known, moments 
within the range from 10~* e.g.s. to 20 e.g.s. units 
can be measured easily in absolute magnitude to 
an accuracy of a few percent. 

POLBCnON OF MAGNETIZATION 

The direction of magnetization is determined by 
measuring the phase of the amplified signal with 



Fig. 5. Frequency response of remanent magnetometer. 


respect to an arbitrary zero. The arbitrary zero is 
chosen along one side of the cubical specimen. To 
measure phase the signal voltage is compared to 
the reference voltage, the latter amplified to eight 
volts to approximately equal the signal voltage, in 
an electronic wattmeter using a ring modulator 
circuit. The d.c. output of the ring circuit, amplified 
in a d.c. amplifier having a time constant of four 
seconds, operates a meter with a central zero on the 
instrument panel. The phase of the reference 
voltage is varied until the meter reading is zero. 
In this position, the two voltages differ in phase by 
t/2 and hence, by geometry, the direction of 
magnetization in the sample can be obtained. 

The particular advantage of the wattmeter is 
that it acts as a very narrow band detector. Even 
when the signal is of the same order as the noise 
of the first tube, the wattmeter responds, on the 
averj^e, only to the steady 10-cycle component 
and is relatively unaffected by the noise, which, 
although it has the same frequency, has random 
and rapid changes of phase. It is possible therefore 
to measure the phase of signals whose intensity is 
about one-tenth that of the thermal noise in the 
grid of the first tulx^. Furthermore, for such weak 
signals, by changing the phase of the reference 
voltage until it agrees with that of the weak signal, 
the bridge circuit measures intensity. Voltages as 
low as 8X10-” volt can be detected in the pick-up 
coil circuit by this means. This corresponds to a 
rotating moment in the specimen holder of 5X10“^ 
c.g.s. unit. 

FIELD EQUIPMENT 

The complete equipment is solidly constructed 
and installed in a large “six by six” Army truck. 
The electronic equipment is mounted in a relay 
rack which is shock-mounted from the truck body. 
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Fig. 6. Change of phase and of intensity with frequency of 
remanent magnetometer. 


The rotary apparatus is mounted on a heavy 
wooden table-top with a thin layer of rubber be¬ 
tween to allow some relative movement. The table- 
top is rigidly fastened to the truck body. All the 
metallic parts of the equipment are joined electri¬ 
cally together through the screening in the con¬ 
necting cables. A separate ground system for the 
electronic equipment is used, and this is joined to 
the outside screen at only one place, namely, at the 
cathode of the first tube. No outside ground is used 
and has never been found necessary either in the 
laboratory or in the field. 

METHOD OF MEASUREMENT 

The samples used in the apparatus are of two 
kinds, cylinders and cubes. When working with 
clay, the sample is taken by inserting a cylindrical 
cup of bakelite bonded paper directly into the clay 
bank. Suitable means of recording the orientation 
are used. The cup holding the sample fits directly 
into the specimen holder. The sample so taken 
measures inches long and inches in diameter. 
Rock samples 11 inches in diameter are taken with 
a diamond coring tool and cut with diamond- 
impregnated saws to If inches in length. These 
cylindrical samples fit into the holder of the appa¬ 
ratus exactly like the cups of clay. Using cylinders, 
the direction and intensity of magnetization can be 
measured in only one plane which is sufficient in 
some cases. For a complete evaluation of the 
magnetization, the cylinders are cut into cubes 3 cm 
on a side. These specimens are measured in the 
apparatus by rotating on the three different axes. 
Computation gives the intensity, but the direction 
is usually plotted on a stereographic net. The 


volumes of the clay and rock cylinders are approxi¬ 
mately 40 and SO cc, respectively, as compared 
with 27 cc for the cubes. 

The chief source of error in the apparatus is in 
the use of a synchronous motor to drive the shaft. 
As the frequency of the power supply varies, so 
does the frequency of the signal induced in the coil. 
The amplifiers are tuned quite sharply and a small 
change in frequency produces a moderate change 
in intensity of the amplified signal and a large 
change in phase. Figure 6 shows this effec't. 

A frequency meter with a range of 58 to 62 cycles 
- per second is used to measure the frequency of the 
power supply and to indicate any sudden changes. 
In practice, whenever the power frequency fluctu¬ 
ates more than 0.1 cycle per second over a few 
minutes while measurements are being made, the 
small standardizing magnet is used at frequent 
intervals to check the phase and intensity readings. 
The portable power supply is used in the field and 
is fitted with a frequency control. Although its 
frequency fluctuates rather rapidly over a range of 
0.3 cycle per second, the average stays fairly 
constant and the resultant effect is to increase the 
over-all noise in the apparatus slightly. However, 
in work so far undertaken, any error attributable 
to this cause has been much smaller than the other 
experimental errors encountered and no remedial 
changes have been considered necessary. 

It has been found that the apparatus is capable of 
measuring magnetic moments in the range from 20 
to 10”^ c.g.s. unit to an accuracy of two percent in 
intensity and to within 0.2° in direction. In the 
range 10“* to 10“* the intensity can be measured 
within three percent and the direction within 2°. 
For values less than 10“® c.g.s. the intensity is 
probably accurate to 10 percent and the direction 
to 5°. The value of 2X10~® c.g.s. unit is looked on 
as the practical limit of measurement; below this 
value traces of impurities and inhomogeneities in 
the sample are thought to play a big role, and 
external electrostatic effects on the specimen and 
the specimen holder become prominent. The smal¬ 
lest moment which is detectable is 5X10“^ c.g.s. 
unit which corresponds to about 2X10“* c.g.s. unit 
per cc of sample. When the humidity is very low 
the plastic sample holder collects large electrostatic 
charges and the pick-up coil must be electrostati¬ 
cally shielded from the holder if the limit of 
measurement is to be reached. 
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Effect of Temperature on the Steady**State Sensitivity of Vacuum Radiation Detectors 
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The steady-state sensitivities of two vacuum radiation thermocouples of very different design 
and a vacuum compensated bolometer have been measured at 298®, 205®, and 96®K, and the effect 
of temperature has been found to vary widely for the three detectors. The observed results have 
been accounted for quantitatively in terms of theoretical sensitivity relations which are based on 
exact heat flow theory and take into account the specific structural characteristics of the detectors. 

The treatment is sufficiently general to permit the prediction of steady-state sensitivities as a function 
of temperature for any vacuum radiation thermocouple or bolometer whose structural characteristics 
are known. 


T he temperature dependence of the steady- 
state sensitivity of a vacuum radiation de¬ 
tector, such as a radiation thermocouple or a 
bolometer, does not seem to have been systemati¬ 
cally investigated although occasional experiments 
have been performed near liquid air temperature.^ 
These particular experiments showed a greatly 
enhanced sensitivity at the low temperature for the 
specific detectors which were used, and, as a result, 
it is frequently assumed that the steady-state sensi¬ 
tivity of all types of detectors may be expected to 
increase rapidly with decreasing temperature.® Since 
this is not universally true, it seems desirable to 
study carefully the temperature dependence of 
radiation detectors of widely different design, and 
to attempt to correlate the results with theoretical 
predictions based on heat flow equations appro¬ 
priate to the various detectors. 

THEORETICAL 

Since experimental results were obtained for two 
radiation thermocouples (of very different design) 
as well as for a compensated bolometer, it is 
necessary to derive sensitivity relations for both 
types of detectors, whose important features may 
be summarized as follows: 

1. Radiation thermocouples 

A. Detector with very large receiver area {detector A) 

This thermocouple contains a circular platinum 
receiver, 0.279 cm in diameter, blackened with 
Aquadag on its upper surface and tinned with 
solder on its under surface. The receiver is fastened 
to two cons tan tan wires (one of which serves only 
as a support), 0.0013 cm in diameter, and to a 
Chromel P wire, 0.0015 cm in diameter, which are 
symmetrically spaced, 120® apart, and mounted so 
that the electrical length of each wire, 0.257 cm, is 

^ F. S. Brackett and E. D. McAlister, Rev. Sci. Inst. I, 181 
(1930); C. H. Cartwright. Rev. Sci. Inst. 4, 382 (1933). 

^ *1. Strong, Procedures in Experimental Physics (Prentice- 
HaU, Inc., New York, 1939), p, 340. 


greater than its thermal length, 0,178 cm. A previ¬ 
ous description* of this detector gives complete 
structural details and shows the reason for assigning 
different lengths to the wires for pun^oses of esti¬ 
mating electrical resistance as compared with 
thennal resistance. 

B. Detector with very small receiver area {detector B) 

This thermocouple was made by using a con¬ 
denser discharge to butt weld a 0.0013 cm diameter 
constantan wire, 0.318 cm long, to a 0.0015 cm 
diameter Chromel P wire, 0.318 cm long. No re¬ 
ceiver is attached to the welded wires which are 
merely covered with a coating of Aquadag (thereby 
increasing the diameters to 0,00164 cm and 0,00184 
cm, respectively) and mounted so that the thermal 
and electrical lengths are the same, namely, 0.318 
cm. Additional structural details for this detector 
appear elsewhere.^ 

n. Compensated bolometer (detector C) 

The bolometer has a detector element consisting 
of an Aquadag covered platinum wire, 5.6X10“^ 
cm in diameter (diameter of wire core —2.74X10“* 
cm) and 0.476 cm long, which, like the welded 
thermocouple, acts as its own receiver. A bolometer 
of this type has also been described previously.* 

The temperature rise experienced by a radiation 
thermocouple is usually so small (less than 0.05 
degree) that it is not necessary, in considering the 
effect of ambient temperature, to distinguish be¬ 
tween the temperature of the cold junction (as¬ 
sumed to be equal to that of the surroundings) and 
the average temperature of the entire thermocouple. 
This is not the case for a bolometer whose heating 
current may cause temperature differences as high 
as 100® between the midpoint and ends, so that a 
true average temperature must be used in deriving 
the sensitivity relation. In order, therefore, to use 

* I. Amdur and H. Pearlman, Rev. Sci. Inst. 10, 174 (1939). 

* I. Amdur, C. F. Click and H. Pearlman, Prex:. Am. Acad. 
Arts Sci. 76, 101 (1948). 

* 1, Amdur and C. F. Click, Rev. Sci. Inst. 16, 117 (1945). 
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a minimum number of symbols, temperatures and 
temperature differences, averaged over the active 
receiver area of the detector, will be used for the 
radiation thermocouples as well as for the bolom¬ 
eter. 

The derivation of the sensitivity equation for a 
radiation thermocouple of the type of detector A is 
very similar to that given by Cartwright* and, in 
view of its brevity, is repeated as an effective 
method of indicating the basic assumptions involved 
in arriving at the final relation. The symbols 
which will be used are as follows; 

£ —power absorption by thermocouple 
JSf “power lose by radiation 

power loss by wire conduction 
Ep " power loss by Pel tier-heat effect 
a“Stefan-BoItzmann radiation constant 
5“ radiating surface of thermocouple 

average absolute temperature of receiver 
c^emissivity of radiating surface 

average temperature difference between receiver and 
cold junction 

thermal conductivity of constantan at (T)a^ 
thermal conductivity of Chromel P at 
f I - radius of constantan wire 
radius of Chromel P wire 

I «thermal length of constantan or Chromel P wire 
P“ thermoelectric power of thermocouple at (7^% 
ip-current through galvanometer 
V-emf developed by thermocouple 
G-resistance of galvanometer 

/{-resistance of thermocouple at (T)A,^pjZ/(irrt*) 
4-p»L/(Tri*) 

Pi-resistivity of constantan at 
p»-resistivity of Chromel P at (T)^ 

L—electrical length of constantan or Chromel P wire 


When 8teady*«tate conditions are reached, the 
power lost by the thermocouple through radiation, 
wire conduction, and Peltier-heat effect, becomes 
equal to the power which it absorbs, so that 

E^Er+E.+E, (1) 

where 

£r=4«r5<r).,yA/V (2) 

£,-(2A:rrr,V/+ii:»irr.V/)<A/)* (3) 

and 

E,^Pi,{TW ( 4 ) 

Since the e.m.f. developed by the thermocouple, 
connected directly across the galvanometer termi¬ 
nals, is 

V^i,{G+R)^P{M)^, ( 5 ) 

the galvanometer current may be written 

( 6 ) 

and the sensitivity as defined by Cartwright, 

namely, 

( 7 ) 

becomes 

p r 

0 =- ^cS{T)M2Ki-wriyi 

p*{T)^r' 

-. ( 8 ) 

g+r\ 

For detector B, the relation for Q is somewhat 
different, because the absorbed power, instead of 



Pro. 2. Retponw of radiation thermocouple with large 
receiver area. 


• C. H. Cartwright, Zeita. f. Phyalk 9Z, 153 (1934). 
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being concentrated on a central receiver of essenti¬ 
ally uniform temperature, is distributed over the 
entire length of the detector wires. The heat flow 
equations for the latter case are the same as those 
for an electrically heated wire, heat stationed at 
the ends, and have been considered in connection 
with the theory of the steady-state sensitivity of a 
vacuum bolometer.® Application of the bolometer 
results to detector B results in replacing Eq. (3) by 

(H-i.i xio-«<rv)(3ii:iTr,v/ 

+3K,irri‘/l){^}>» (9) 

where (l-j-l.lis a small correction 
term resulting from the loss of a small fraction of 
absorbed power by radiation. Since, in the present 



Fig. 3. Reiponse of radiation thermocouple with small 
receiver area. 

application, this correction has a maximum value 
of only 3 percent at room temperature, it is given 
in the above form, specific for detector B, rather 
than in its general form. Substitution of numerical 
values into Eq. (9) reveals that the power lost by 
wire conduction is nearly equally divided between 
the two wires. The junction of these wires, there¬ 
fore, will have a maximum temperature difference, 
which, for the present case where radiation 
losses are small, has the following relation to the 
average temperature difference, 

<A<>„„-1.5<Af>4,. (10) 

Equation (S) must therefore be replaced by 

Vmi,(G+R) 1.5P(Af>*, (11) 



Fig. 4. Response of bolometer. 


and the sensitivity equation appropriate to detector 
B becomes 

1.SP r 

^ “7777^ 4v5(r)A,‘*-b (1 -h 1.1X lO-(r)*,*) 

(G+Rn 

i.5P*(r)*,-i-> 

X(3JCivr,VH-3A:,irr,V/)+- . (12) 

G+R J 

The sensitivity equation for a compensated bo¬ 
lometer contains many of the symbols already 
listed, except that the subscripts 1 and 2 are not 
used with K, r, or p, since the sensitive element of 
the bolometer is a single platinum wire whose 
thermal and electrical lengths are equal. Additional 
symbols which appear are: 

a temperature coefficient of resistance of bolometer and of 
compensator 

7«>absolute temperature of surroundings and of ends of 
bolometer 

Ro"'resistance of bolometer and of compensator at Tt 
PS ■■resistivity of bolometer at Tt 

JCs" thermal conductivity of bolometer and of compensator 
at Tt 

resistance of each of manganin resistors in Wheatstone 
networic 

r'iB radius of bolometer including blackening 

The expression for Q for a compensated vacuum 
bolometer, in the type of Wheatstone network used 
in the present experiments, has been previously 
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derived* and has the form 


al?o(G+i?)* 


r ' 12 1 * 


RKR+N+2G) { 12 ^ ^ 

! 4a5e((r)Av*+3(rV(A/V)+ 


( 13 ) 


otRo r 12 T) 

^ 4<r5 1 { T)^*(Al)k»+—K oirr*< A/)*, (w+ w( A/)*,) J | 


i?+Ar+2- 


where 

2 e<rr' Fo V 2 €<rr' a 

-and «=-. 

ISr^A: Sr^K 5 

To the first order of small quantities, Eq, (13) is 
valid for both fx>sitive and negative differences 
between radiation loss and self-heating due to the 
increase of wire resistance with temperature, al¬ 
though the original derivation assumed that the 
difference was positive (which is usually the case at 
room temperature or higher). The general applica¬ 
bility of the end result is due to relationships 
between hyperbolic trigonometric and circular trig¬ 
onometric functions which appear in solutions of 
the second order differential heat flow equations for 
the two cases. The original derivation should be 
consulted for the basic assumptions and for a 
description of the procedure for calculating theo¬ 
retical values of Q. , 

EXPERIMENTAL 

Each detector was suspended inside a cylindrical 
copper cooling jacket, 1 inch LD., Ij inch O.D., 
and 3^ inch long, which was slotted to permit 
radiation to strike the receiver surface. Refrigerant 
(acetone at dry ice temperature or liquid nitrogen) 
was circulated through f-inch copper tubing coiled 
around and soldered to the cylinder which was 
supported and thermally insulated from the cover 
of a metal vacuum chamber (6 inch O.D. and 8 inch 
high) by a Textolite rod and Adnic (high thermal 



Fig. 5. Wheautanc bridge network. 


-resistance alloy) bellows. Two copper-constantan 
thermocouples, one soldered to the bottom of the 
cooling jacket, and the other, to the detector case, 
emerged, together with the detector leads, through 
metal-glass seals in the vacuum chamber cover. 
National Bureau of Standards carbon filament 
lamps were used as sources of radiation which 
entered the vacuubi chamber through a plane Pyrex 
window (calibrated for transmission and reflection) 
sealed to a copper-glass Housekeeper seal in the 
chamber wall. 

The essential features of the cooling jacket and 
vacuum chamber are shown in Fig. 1. All surfaces 
inside the vacuum chamber were blackened to 
reduce scattered radiation. 

At the lower temperatures, refrigerant was circu¬ 
lated through the coil of the cooling jacket in the 
presence of about 1 cm of helium to improve heat 
conduction between the radiation detector and the 
surrounding cylinder. After temperature equilibrium 
had been reached, the pressure was reduced to 
10""* mm or lower for the duration of the runs, 
during which circulation of refrigerant was con¬ 
tinued to prevent temperature rise resulting from 
radiation and heat leak through supports and lead 
wires. Responses of the detectors were measured 
with a special potentiometer using a galvanometer 
amplification device^ as in previous experiments,*' * 

Detector A was irradiated with a standard lamp 
which had been calibrated at four currents, and 
detector B, with a lamp which had been calibrated 
at three currents. The bolometer, detector C, was 
irradiated with a single power density at six 
different Wheatstone bridge currents. The experi¬ 
mental results are shown in Figs. 2-4, where the 
temperatures are those corresponding to the read¬ 
ings of the copper-constantan thermocouple fast¬ 
ened to the detector case inside the cooling jacket. 
The ordinates in Figs. 2 and 3 are the open circuit 
potentials developed by the radiation thermo¬ 
couples, and the abscissas, the powers absorbed by 
the detector receivers. For detector A this power is 
given by 

E^yEaw(ry (14) 


»I, Amdur and H. Pearlman, Rev, Sci, Inst. I9i (1938). 
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where: 7 , the absorptivity of the Aquadag surface, 
is taken as 0,67, independent of temperature, for 
all lamp currents; £«, the power density reaching 
the receiver, is known from the National Bureau of 
Standards lamp calibration and the window trans¬ 
mission (0.839 to 0.763 for lamp currents between 
0.400 and 0.250 amperes); and r', the radius of the 
hole in a mask above the receiver is 0.0813 cm. 
For detector B the absorbed power is 

E^yEalin'+r^y (15) 

where /, the length of the constantan or Chromel P 
wire, is 0.318 cm; and ri and r/, the radii of the 
constantan and Chromel P wires (including the 
Aquad^ coating) are 8.2X10“* and 9.2X10“* cm, 
respectively. The ordinate in Fig. 4 is the open 
circuit potential produced upon irradiation as 
measured by connecting the galvanometer leads in 
Fig. 5 to the special potentiometer, (Figure 5 shows 
the circuit corresponding to the definition of Q in 
Eq. (7).) The ab.scissa is the total network current, 
of which a known fraction passes through the 
bolometer. The constant power, £, absorbed by 
the bolometer was 1.15X10“® watt corresponding 
to values of 0.67, 64.4X10“® watt/cm^ 2.8X10“* 
cm, and 0.476 cm, respectively, for, 7 , £«» r', and I 
in the relation 

£-7£a2r7. (16) 

DISCUSSION 

Figures 2 and 3 show extremely different char¬ 
acteristics for detectors A and B whose important 
difference is the absence of a relatively large 
receiver in detector B. The slopes of the straight 
lines define one type of sensitivity, 5*, namely the 

Table I. Parameters and constants for calculating Q for 
detectors A and B, 


A. Temperature independent v»!ue«. 

Detector A l^etector B 


<r, watt8/deg.*-cm* S.74X10™« 5.74XIO-^ 

5, cm» 0.127 3.48X10-* 

f 0.55»*(0.47+0.63) 0.47 

ri, cm 6.50X10“* 6.50X10"* 

r,, cm 7.50X10“* 7,50X10-* 

/, cm 0.178 0.318 

cm 0.257 0.318 

G, ohms 55 55 

B. Temperature dependent valuet. 

I. Values common to both detectors. 

298''K 203®K 96«K 


watts/deg.-cm 0.242 0.206 0.163 

iCi, wattfi/deg.-cm 0.171 0.151 0.124 


IF I, volts/deg. 6,44X10“* 4.89X10“* 3,08X10“* 

Pi, ohm-cm 5.01 X 10“* 5.00X10“* 4.98X 10“* 

PI, ohm<m 7.07X10"* 6.84X10“* 6.57X10“* 

2. Detector resistance, R> 

298®K 20S*K 96®K 


Detector A 20.0 ohms 19.6 ohms 19.2 ohms 

Detector B 24.7 24.2 23.7 



Fig. 6. Theoretical and experimental sensitivities of 
radiation thermocouples. 


open circuit potential produced upon absorption of 
unit radiant power. For detector A, decreasing 
temperature increases this sensitivity markedly, 
the values being 1.70, 2.23, and 6.48 volts/watt at 
298®, 205®, and 96®K, respectively, whereas detector 
B exhibits very little effect as shown by sensitivity 
values of 12.6, 13.8, and 11.8 volts/watt at the 
same respective temperatures. In the case of the 
bolometer, detector C, the experimental potentials 
are directly proportional to the sensitivity, 5 *, at 
any bridge current since the absorbed power was 
constant at 1.15X10“® watt. At low values of the 
bridge current, there is relatively little effect of 
temperature on sensitivity (in fact, as the current 
approaches zero, the sensitivity approaches zero at 
any temperature). As the temperature of the bo¬ 
lometer wire is raised by increasing the bridge 
current, the temperature effect on the sensitivity 
becomes very marked as shown by values of 74.7, 
135, and 319 volts/watt for a bridge current of 
2.80 ma at 298®, 205®, and 96®K, respectively. 
Except for the very large difference in absolute 
values, the change of sensitivity with temperature 
for detector C parallels that of detector A. It is 
the primary purpose of this paper to show that 
the widely different results which have been ob¬ 
served are sufficiently in accord with theory to 
permit a reasonably accurate prediction of the 
effect of temperature upon the sensitivity of a 
radiation detector of known structural character¬ 
istics. 

Before comparing theoretical and experimental 
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Tablb II. Parameters and constants for calculating 
Q for detector C. 


A. Temperature independent values. 


JE, watts " I.ISXIO"* 

5, cm* -» 8.4 XIO^ 
r, cm “ 1,37X10"^ 
r', cm « 2.8 XIO"^ 
cm *• 0.476 
Nf ohms *« 51.00 

B, Temperature dependent values. 

2WK 20S*K 96*K: 


flt, deg.“*, XlO* 3.55 5.30 15.6 

Re, ohms 87,99 58.93 23.01 

pe. ohm-cm, XlO* 10.9 7.30 2.85 

Ao, watts/deg.-cm 0.700 0.682 0.767 


results, the observed sensitivities must be put into 
the form of Eq. (7). The case of detectors A and B, 
which must be considered separately from that of 
detector C, will be treated first. 

Since the responses of the radiation thermo¬ 
couples were measured as open circuit potentials, 
no current flowed through the galvanometer and 
the Peltier-heat effect given in Eq. (4) was absent. 
Under these conditions, a somewhat larger value of 
(A/)a, results from a given power absorption by the 
detector and the open circuit potential, Ve%p* is 
somewhat larger than V as defined in Eqs. (5) 
or (II). In practice, however, the magnitude of 
(I^{T)^)/(G+R) or (l.SP*(r>^)/(G+i?) is negli- 
gible in comparison with the other terms in Eqs. 
(8) or (12), so that the value of V^p differs negli¬ 
gibly from V and the experimental value of Q for 
comparison with theory may be written 

^ „-«- (17) 

E{G+R)^ (G+R)^ 

where S* has been previously defined as the open 
circuit potential produced by unit power absorption 
and is therefore equal to r«p/JE. 

Before theoretical Q values can be calculated 
from Eqs. (8) or (12), it is necessary to have values 
of P, Ku and i? as functions of temperature. 
A constantan-Chromel P thermocouple was cali¬ 
brated from 76,9®K to 300*^K and the results 
represented by the equation 

F=«{10.26-0.0149r-8.30X10”^P) 

XlO-’volt (18) 

so that the desired relation for P becomes 

^iF/dP-P* ™(0.0149+16.60X10-*r) 

X10-* volt/deg. (19) 

In calculating numerical values of P from Eq. (19), 
the results are expressed as absolute values in order 
to obtain positive sensitivities from Eqs. (8) or (12). 


Eucken and Dittrich* give values of the thermal 
conductivity, Ku and resistivity, pu for samples of 
constantan which were subjected to a variety of 
annealing and working treatments. Since the sample 
which they describe as ‘‘strongly deformed’' was 
judged to correspond most closely to the bare 
drawn, unannealed wires which were used in de¬ 
tectors A and B, it was decided to use the values 
which they give for this sample, namely: at 80®K, 
Ari»=0.1S7 watt/deg.-cm, pi«4.98X10"* ohm-cm; 
at273®K, iCi»=0.232 watt/deg.-cm, pi^S-OlXlO"* 
ohm-cm. Values at the desired temperatures, 298®. 
205®, and 96®K, were obtained by linear extrapola¬ 
tion and interpolation. In the case of Chromel P, 
the literature provides insufficient information on 
Ki and ps. However, the values iir2=0.189 watt/ 
d^.-cm at 373®K and pj» 7.06X10“* ohm-cm at 
293®K were given by the manufacturer as appro¬ 
priate values for* the wire which was used in the 
construction of the detectors. The temperature 
coefficient of resistivity was determined experi¬ 
mentally from measurements of the resistance of a 
sample of Chromel P and values of pt were com¬ 
puted from the relation 

P2(P)* 7.07 X10-*[l-h 3.98 

X10“*(r-298)] ohm-cm. (20) 

Values of Kt were then obtained by assuming that, 
at any given temperature, the Wiedemann-Franz 



Fig. 7. Theoretical and experimental sensitivities of bolometer. 


* A. Eucken and K. Dittrich, Zeiu. f. physik. Chemie 128, 
211 (1927). 
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relation could be expressed by 

( 21 ) 

The reliability of this method of estimating Kt 
appears to be confirmed by the fact that it predicts 
a value at 373®K which is within 1 p)ercent of that 
given by the manufacturer. The desired values of 
the detector resistance, i?, were computed from the 
Pi and pt values since the electrical lengths and 
radii of the constantan and Chromel P wires were 
known. 

Numerical values of all the parameters and 
constants which are required for the calculation of 
^ as a function of {T}kt are collected in Table I. 

A comparison of calculated and experimental 
values of Q for detectors A and B is shown in 
Fig. 6 where the curves correspond to values calcu¬ 
lated from Eqs. (8) and (12) and the points to 
values from Eq. (17). For detector the average 
absolute deviation between calculated and experi¬ 
mental sensitivities is 1S.6 percent, and for detector 
Bf 9.7 percent. This agreement is considered satis¬ 
factory in view of the extremely large difference in 
the values of Qexp for the two detectors, both with 
respect to absolute values and temperature de¬ 
pendence. 

The procedure for calculating the average abso¬ 
lute temperature, (r)/w, of the bolometer wire at 
any network current, and the theoretical value of 
^ as a function of from Eq. (13) has been 
presented in detail.* Results for the present bo¬ 
lometer will be given without repetition of deriva¬ 
tions or explanations which appear in the original 
reference. 

Table II lists all the parameters and constants 
which are required for calculating experimental and 
theoretical values of Q. The entries for a, p, and 
K have been obtained by graphical interpolation of 
results for platinum given by Rolf.® Table II does 
not include <r, <(*0.47), and G since these appear 
in Table I. 

A comparison of calculated and experimental 
values of Q for detector C is shown in Fig. 7 where, 
for simplification in plotting, the bridge current, 
rather than the average bolometer wire tempera¬ 
ture, {T)ktt has been used as the abscissa. The 
relation between (T)*, and bridge current for the 
three ambient temperatures of the bolometer 
(entered as {T)k, for zero bridge current) is shown 
in Table III. 

• P. Rolf, Phys. Rev. 65, 187 (1944). 


Tablb III. Values of as function of bridge current 


Bridse current 
(milliamperea) 


(d^*k) 


0 

298 

205 

96 

0.75 

303.0 

211.3 

101.5 

1.00 

306.5 

216.4 

106.4 

1.50 

317.2 

229.6 

121.2 

2.00 

330.5 

248.0 

145.0 

2.50 

345.6 

268.5 

176.5 

2.80 

356.0 

282.1 

196.0 


The curves in Fig, 7 correspond to values calcu¬ 
lated from Eq. (13), and the points to values 
calculated from the relation 

2F«xp(G+R)i 2S*{G+R)^ 

Q -- ( 22 ) 

E(R+N+2G) R+N+2G 

which has been derived previously. The agreement 
between calculated and experimental sensitivities 
for detector C is about as satisfactory as that for 
detectors A and J5, since the average absolute 
deviation for all the points is 12.8 percent. 

The present results can be summarized in quali¬ 
tative terms as follows: 

The steady-state sensitivity of a vacuum radia¬ 
tion thermocouple may be expected to increase 
with decreasing temperature if it has a very large 
receiver area (detector A)^ and therefore, at room 
temperature, loses most of its incident energy by 
radiation. The increase in sensitivity will be due 
to the diminution of this radiation loss at the lower 
temperatures. It must be remembered, however, 
that the decrease of thermoelectric power of the 
thermocouple with decreasing temperature will 
tend to offset the advantage gained from the de¬ 
creased radiation loss. As a result, a vacuum 
radiation thermocouple with a very small receiver 
area (detector B) which, at room temperature, loses 
little of its incident energy by radiation, may be 
expected to gain relatively little sensitivity, or 
actually to lose sensitivity, with decreasing temper¬ 
ature. 

The steady-state sensitivity of a vacuum wire 
bolometer (detector C) may be expected to increase 
with decreasing temperature due primarily to the 
decrease of bolometer resistance at the lower 
temperatures. If the radiating area of the detector 
is large (as in a ribbon bolometer) the decrease in 
radiation loss with decreasing temperature will 
augment the effect of decreased resistance and 
result in a still larger increase in sensitivity. 
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An instrument is described which measures instantaneous breath velocities without incurring 
high flow resistances. It records reciprocating flows, such as those of the full breath cycle, within 
the limits of normal breath velocities with high frequency resolution and yields accurate and repro¬ 
ducible measurements when suitably calibrated. I'he .sy.stem described incorporates an automatic 
control over a valve system insuring directed flow of the respired gases through a closed breathing 
circuit, permitting measurement of breath velocities at simulated high altitudes. The advantages, 
disadvantages, and idiosyncracies of this type of instrument as used in physiological measurement 
are discussed. 


I N the course of work requiring measurement of 
breath velocities a flowmeter has been developed 
in this laboratory patterned after that constructed 
by Lee and Silverman^ but with modifications which 
permit its use at low atmospheric pressures, as in a 
decompression chamber where pure oxygen must 
be supplied to the subject, for the recording of 
expiratory and inspiratory flows in a continuous 
fashion. This instrument, although largely a com¬ 
posite of equipment components already at hand 
in the laboratory, has certain characteristics which 
may be of critical interest to others contemplating 
work in this field. It is recommended that reference 
1 be read for details of structures common to l>oth 
instruments, and their aerodynamic characteristics. 

CONSTRUCTION 

The apparatus, as used to collect data on breath 
velocities at diflFerent densities of inhaled gases,^ 
consists grossly of a mask, flowmeter unit, valve, 
and connecting tubing as shown in Fig. 1. The 
spirometer and carbon dioxide removing filter are 
not shown. 

A McKesson Metabolor type mask (^4) is fixed 
in a stand in such a manner that pressing the face 
into the inflated rim (B)*** will not deflect the 
flowmeter unit from the optical path directed to 
the recording system. The mask provides for nasal 

* Senior scientist. 

** T^hnologist. 

8t. 14, 174 (194.U. 
J. Phys. 157, 265 

. . n at altitude due 

to the change in barometric pressure the rim of the mask was 
evacuated and then snugly filled with water, providing a good 
fit to die face under all our experimental conditions. 


^ R. C. Lee and L. Silverman, Rev. Sci. Ir 
•Specht, Marshall, and Hofimaster, Am. 
(1949). 

*** In order to prevent excessive inflatic 


breathing but does not preclude mouth breathing 
if the subject cannot properly breath through his 
nose. The opening (C) in the mask for the passage 
of the breath is made directly before the subject’s 
nose and mouth, but some deflection of the breath 
is unavoidable due to the fact that the lead-off is 
horizontal. The subject sits before the mask on an 
adjustable seat integral with the mask stand and 
flowmeter bench so that head position in the mask 
is comfortable with the spine erect. A second open¬ 
ing (D) in the mask, approximately in a direct line 
with the air stream from the nose is provided for a 
control unit to be described subsequently. 

The mask and valve unit are hermetically inte¬ 
grated with the flowmeter unit by means of thin- 
walled rubber tubes (E) made of dental dam which 
serve to isolate the flowmeter unit from shock or 
vibration. The gap between these units covered 
by the tubing is about one millimeter. 

The flowmeter consists of a 1.25-inch i.d. brass 
tube (F) which is placed in the breathing circuit as 
an integral part through which all air entering or 
leaving the mask must pass. It is made 10 diameters 
long to minimize turbulent flow during quiet 
breathing. This is aided by a set of collimating 
surfaces (G) placed in the ends of the tube to correct 
cross currents due to irregular inflow from the 
mask and valve. These collimators are made from 
a one inch ribbon of brass shim stock folded into a 
screen with approximately hexagonal openings 
about 5 mm in diameter, At right angles and 
passing through the axis of the tube midway in its 
length is a fine nickel wire (II) (0.001-inch diameter) . 
which is deflected by the air passing through the 
tube. At right angles to the tube and to the axis of 
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the wire a pair of opposing windows (/) permits 
the passage of a beam of light focused in the plane 
of the wire. The shadow thrown by the wire is 
optically magnified and photographically recorded. 
The wire is constructed long enough {ca. 20 cm) to 
allow angular displacement at the points of suspen¬ 
sion to be negligible with the maximum deflection 
expected in use. The wire is suspended vertically 
from an adjusting head and is maintained under 
tension by a small tungsten spring (Y) (filament 
from a flashlight bulb) similar to the method used 
in reference 1. Free oscillation of the wire is effec¬ 
tively prevented without recordable effect on the 
timing of the response by passing it through 3 
drops of spermacetti oil each suspended in a small 
wire loop surrounding the wire. These damping 
droplets (Z) are spaced in such a manner as to 
affect the larger harmonic oscillations that might be 
expected to interfere grossly with the legibility of 
the respiratory velocity pattern. 

The source of illumination (J) was first a Hanovia 
Labarc unit which gave enough visible light for 
inspection of the projected image and made good 
photographic records. It also served to give very 
fine time lines, inasmuch as the light is interrupted 
twice during each cycle of the voltage change in the 
current supply. Later, a motion picture projection 
lamp replaced the Labarc and has been found quite 


satisfactory for recording. A Pyrex #3966-M-829 
heat filter (if) is interpos!^ between the source and 
the focusing lens (L) to reduce the heat transmitted 
by the projection lamp. The focusing lens is 
mounted on the frame of the flowmeter on an 
adjustable bracket, and the focal point of the 
source adjusted to maximum brilliance on the wire 
within the expected limits of deflection. 

The shadow of the wire is projected by means of 
a telescope system (M) giving about 350 X magnifi¬ 
cation and a field large enough to cover the maxi¬ 
mum expected deflection of the wire. In this 
instance this is achieved by using the inner element 
(N) of an old Leitz #5 microscope objective and 
the focusing element (0) of a motion picture pro¬ 
jector lens system mounted integrally on an optical 
bench with the flowmeter and the light source. It 
was found desirable to install a ring-shaped warm¬ 
ing element (P) at the telescope window of the 
flowmeter in order to prevent condensation of the 
breath moisture on the window. Heat from the 
source is apparently sufficient to prevent fogging 
of the opposite window. 

Photographic registration is made by means of a 
long paper camera (0 fitted with a cylindrical lens 
(i?) of about 2-inch aperture in order to gather 
sufficient light for proper contrast on the photo¬ 
graphic paper. 



Fio* 1. Schematic layout of flowmeter and accessory devices (1) and a vertical detail of the flowmeter 
unit (2). See text for description of labeled parts. 
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Since a record of both expiratory and inspiratory 
flows was desired it was decided to use the same 
instrument for both measurements, thus eliminating 
discrepancies in timing between separate instru¬ 
ments. This choice necessitated a valve (S) distal 
to the flowmeter and thus introduced dead space 
whose effect must be recognized.f* 

In the interest of reducing the resistance of the 
circuit, a valve was developed which does not 
require the force of the breath for closure except in 
that it initiates this action. This valve offers a very 
low resistance to all flows in the range we encoun-* 
tered. It is completely open to inspiration or 
expiration as alternately set by the breath pressure. 
The valve is a gang-connected butterfly doublet (T) 
mounted in a block bored for the breathing circuit. 


It is moved by a spring opposed solenoid. The 
latter is energized by a breath pressure switch 
(17) of special design, requiring only minute pres¬ 
sure differences to be operated. Inspiration is 
arranged straight through the valve and expiration 
at an angle of 45®. 

The timing of the automatic valve is adjustable. 
In most instances it was loaded in the direction of 
automatic operation after expiration, thus antici¬ 
pating the following inspiration. Many patterns 
show a vibration mark at the instant of valve 
action, and thus we were able to calculate the 
efficiency, a measurement which is not possible 
with other types of valves during use. The inherent 
lag of this system is about 1/10 second, and at rest, 
the breath patterns indicate a 50 cc backflow. This 



Fig. 2. (a) Trace of the response of the flowmeter to mechanical deflection, i.e., restoration from half-scale defl^flon. The 
displaced position is above the upper margin of the figure and the first trace is only faintly seen. Four reversals are distinguishable 
before the resting position is assumed. The period is about 1/80 second. Time iines of 1/240 sec., alternately black and white, 
form the background of the figure, (b) Trace beginning at upper left i^ows the displacement of a plunger in a cylinder connected 
to the flowmeter. Trace beginning at the center of the figure shows the response of the flowmeter to the air movement induced 
by the plunger. The upward sweep of the first trace has no counterpart in the flowmeter trace since it was caused by accidental 
parting of the connecting line, (c) Same as (b) but at somewhat slower rate of displacement Ink lines show the beginning 
and end of plunger displacement and, in the first displacement, the attainment of nuudmum velocity is marked by an ink line 
across both traces. 

t Dau pr^nt^ by Stonnard and Russ (see reference 3) on the effects of added dead space of about ISO oc, slightly 
more than the volume of this flowmeter, resulted in a gain of about 16 percent in the tidal volume, but they found no 
omsiBtcnt effect on the breathing rate. . 

• J- N. Stannard and E. Russ, J. App. Phys. I, 326 (mS), 
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is comparable to that given for sensitive rubber 
valves developed for similar purposes.* In common 
with the latter, efficiency rises with ventilation. 

The valve is actuated by a relay system tripped 
through a switch operated by the breath pressure 
through the floating plunger (F) of a rotated dry 
syringe barrel {W)* connected to the mask aperture 
(Z?) mentioned earlier. This control system can be 
balanced or unbalanced to anticipate either inspira¬ 
tion or expiration. In its final form it is arranged 
to reset itself for tripping the valve at the earliest 
possible moment after reversal of the breath 
velocity. 

The valve openings are connected distally to a 
closed oxygen circuit of 1.25-inch rubber tubing 
disposed in such a manner as to avoid sharp turns 
and connect with a recording spirometer which has 
a COi absorption filter in the exhalation line. An 
adjustable iris diaphragm (X) for selected resistance 
in the inspiratory line was provided for demon¬ 
strating effects of high resistance on the breath 
velocity pattern. 

OPERATING CHARACTERISTICS 

The natural period of the wire and spring is very 
short (ca. 1/80 sec.) and with damping shows a 
95 percent restoration from half-scale deflection 
within 1/20 second, as shown in Fig. 2(a). It will 
be seen here also that the first crossing of the 
baseline occurs within 1/240 second of release. 
Figures 2(b) and 2(c) show the record of the 
manual displacement of a piston and the concomi¬ 
tant response of the wire. In Fig. 2(b) the piston 
marker was accidentally released at the end of the 
stroke showing an upstroke which _ is spurious. Fig¬ 
ure 2(c) shows a similar run at^a slightly slower 
rate of movement and then a return movement at a 
still slower rate. Vertical lines have been drawn to 
indicate the correspondence of the beginnings and 
endings of the piston movements and in the first 
stroke the time of attainment of peak velocity is 
marked by a vertical line. Figure 3 shows the 
response of the wire to a step change in flow, ca. 30 
to lOOL/min., which was effected by clapping a 
flat plate over a bypass duct as air was drawn 
through the flowmeter. The time from low to high 
flow is about 0.04 second. Our calibrations of this 
wire as illustrated in Fig. 4 show it to be linear only 
on log-log plot. This would be in contrast to the 
findings of Lee and Silverman,* who assume line¬ 
arity on arithmetic coordinates, if it were not a 
matter of d^ee, since they agtually show certain 
deviations from linearity and dismiss them as 
minor. It is likely that the m^nitude of this 
deviation is dependent on the wire diameter and 
apring characteristics which are obviously not the 

*H. F. Bnibsch, Rev. Sd. Inst. », 363 (1947). 


Fig. 3. Response of the 
flowmeter to a stepwise 
change in airflow, from 
about 30 to 100 liters per 
minute. Time for the 
change is 0.04 sec. 



same in the two instruments. Our calibrations were 
made with a rotameter whose range is indicated by 
the data in Fig. 4. Readings at the low flows cannot 
be made accurately and thus account at least in 
part for gross internal inconsistencies. It is seen, 
however, that the curves form well-defined families 
which indicate good internal consistency over the 
rest of the range. These considerations led us to 
calculate regression lines for each calibration run 
and to base our flow measurements on such 
derived curves. It was found necessary to make 
calibrations for each day that experiments were run 
because there were real but unpredictable changes 
in the level of response of the wire as shown in 
Fig. 4 by the families of unbroken and broken 
lines, respectively, taken on 5 different days. There 
are several probable causes of these changes, the 
most frequently applicable being temperature 
changes which alter the spring tension, and relaxa¬ 
tion of the spring suspension through constant 
stress. It was also found accidentally that otherwise 
unaccountable changes in shadow width of the 
wire were related to deposition of material on the 
wire either during use or in calibration. This was 
most easily recognized after the calibrating gas 
source had been drawn through the COt filter bed 
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Table I. 



Expiration 

Inapiration 

20 L/min. 

1.4 mm HsO 

1.1 mm HjO 

40 

2.2 

— 

SO 

3.9 

2.0 

70 

5.8 

3,0 

80 

7.5 

— 

100 

9.0 

4.0 


inadvertently. In this instance, a noticeable deposit 
could be removed from the wire with a fine brush. 
While this was a gross effect, it is possible that the 
moisture carried over the wire by the exhaled 
breath may cause the accretion of particles, or 
solids in solution, on the wire which alters its 
resistance to air flow. 

It was found necessary to make separate calibra¬ 
tions for opposed flows as shown in Fig. 4; unbroken 
lines being ‘‘inspiratory” and broken lines being 
“expiratory” calibrations. The observance of re¬ 
spective zero positions as shown in Fig. 2(c) was 
also necessary. This change in resting position is a 
common difficulty with lightly stretched suspen¬ 
sions which are required to pass through the zero 
position, as in the registration of deflections of 
opposite sign. This behavior of the wire was not 
due to the damping system used here since such 
displacements were also observed and recorded 
when the oil droplets were absent. Although the 


magnitude of this effect may not be great, it should 
be recognized in all cases where the wire is allowed 
to come to rest before registering an opposed flow, 
as is the case in breath velocity patterns in which 
a post-expiratory pause is interposed, as shown in 
Fig. 5(b) and 5(d). 

Measurement of the overall flow pressure from 
mask to spirometer with a series of constant flows 
through a rotameter in place of the subject was 
made with a slant manometer. “Expiration” pres¬ 
sures were measured across the circuit including 
<he COs filtering bed, while “inspiration” pressures 
were measured only across the duct and flowmeter. 
The pressures at the several rates of flow are given 
in Table L 

Measurements with oxygen instead of air gave 
essentially equivalent values indicating that orifices 
in this system were large enough to have only a 
negligible influence with this difference in density 
at the flows tested. It should be emphasized that 
the velocities in exercise may reach beyond the 
range indicated. The calculated critical velocity for 
turbulent flow for the flowmeter tube is 48 L/min.. 
which happens to coincide with the break in slope 
of the expiratory pressure-flow table values. We 
feel that this is fortuitous, since the inspiratory 
pressure drop values follow a linear course. It is 
likely that the change in slope of the expiration 
values is due to characteristics of the COj filter 



Fig. 4. Sample calibration® of the flowmeter for five different day*. Calibration* were made with a rotameter covering the 
^ole range shown on the ordinate. Pairing of exhalation and inhafation data i* not indicated in the fi^re but the relatively 
mdependent variation of the*c value* i» indicated by the position of one act of exhalation value* at me extreme left of the 
whole group. 
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(a) 


(c) 



(b) (d) 

Fig* S* Breath velocity patterns made on each of two subjects in full oxygen at ground level (a and c) and at 30,000 feet 
simulated altitude (b and d}. In each record the upper margin of the shadow trace is to be compared to the control level marked 
by a grid line superimposed on the S mm uniform grid* Time, in seconds, proceeds from left to right. Inhalation rises and exhala¬ 
tion falls below the control level. The sensitivities of the ground level and altitude deflections differ, the latter being the less 
sensitive; maximum velocities for inhalation and exhalation resp^tively are (a) 52 and 58L/min., (b) 80 and 96L/min., 
(c) 40 and 35 L/min., (d) 38 and 42 L/min. It is to be noted that in the altitude records (b and d) there appears a protracted 
arrest of the breath flow after exhalation. 


bed. There is little reason to believe that the flow 
pressures throughout the range usually encountered 
in exercise (up to ca* 120 L/min.) would be greater 
than a linear extrapolation of the values given here. 
It is not clear, however, that pressures exerted by 
constant flows are comparable to those encountered 
in intermittent flows such as the breath cycle 
presents. Apparatus for measuring such transient 
pressures accurately has not been available to us, 
but our attempts to compare the velocity patterns 
from pressure-drop methods as devised by Silver- 
man, Plotkin, and Lee,®tt to those from the wire 
deflection method used here show that transients 
are seriously damped out. even though the recom- 

* Silverman, Plotkin, and Lee, Rev. Sci. Inst. 19, 513 (1948).* 

tt A portable model built by Warren E. Collins and loaned 
to us through the courtesy of the Naval Medical Research 
Institute, UTS. Naval Medical Center, Bethesda, Maryland. 


mended precautions regarding resistance of the 
pressure conducting lines were fully considered. 

We feel, furthermore, that the range of the 
present instrument is limited in its application not 
so much through the resistance of its own structure 
but mainly that of the ducts which are used for 
various purposes such as in our own experiments.* 
While it is obvious that the diameter of the trachea 
must itself induce turbulence under these condi¬ 
tions, the mounting pressure drop through the 
whole test system places additional high and 
unnatural loads on the physiological mechanisms 
which are to be studied. Thus it might be possible 
to work at a higher range of flow values by using 
larger bores in the flowmeter and ducting but 
sacrificing sentitivity at low flows since the instru¬ 
ment depends on linear velocity for the deflecting 
force. 


Erratum 

The Central Research Laboratories, Inc., Red Wing, Minnesota, has called our attention to an error in 
publishing the stated range of the pre-focus^ interchangeable optics for their monochromator. In an adver¬ 
tisement on page xxxvii of the May, 1949, Renew of ScietU^ JnsinmepUs^ the range was given as from 
0.15 to 52 microns. The range should have been given as from 0.15 to 25 microns. The publisher was re¬ 
sponsible lor this error and regrets the inconvenience to readers and to the Central Research Laboratories, 
1^., whidi might have arisen from inquiries based on this error. 
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Microwaves and Radar Electronics 

By E. C. Pollard and Julian M, Sturtkvant, Pp, 426 

-hvii, Figs. 192, Tables 12. John Wiley & Sons, Inc., New 

York. 1948. Price $5.00. 

The authors of this book have drawn upon their wide ex* 
perience in the development of microwave radar to put to* 
gether a survey of the by-products of that tremendous con¬ 
centration of scientific and technological effort by which the 
Allies turned a wave-length into a weapon. Their subject is 
not radar as a function, but the new devices and techniques* 
that comprise, in patent language, the radar art, with special 
emphasis on the role pf these techniques in postwar research. 
One chapter near the end of the book contains an explanation 
of the elements of the radar problem, illustrated by a few 
typical radar systems, but the rest of the book is devoted to 
magnetrons, klystrons, wave guides, pulse circuits, cathode- 
ray tubes, amplifiers, servo-mechanisms, and so on. 

This vast assortment could not have been covered without 
drastic condensation and many compromises—compromises 
that win make the specialist wince when he turns to the 
chapter on his specialty. But the microwave specialist is not 
the reader the authors had in mind. The success of the book 
can properly be judged only by the student who turns to it to 
find out what this elaborate microwave business is all about, 
and what one can do with microwaves and the circuit tricks 
of radar that he could not do before. If the student is wilting 
to move rapidly from exhibit to exhibit, accepting ingeniously 
condensed explanations, he will cover a lot of ground and 
accumulate a staggering load of facts. 

A small amount of misinformation, and several careless 
statements, will be found along the way: Wc are told that 
“waveguide does not have the property of a guaranteed mode 
of excitation which is so useful in a coaxial line“ (p. 112); the 
field configuration in the celebrated TEn mode is misrepre¬ 
sented in Fig. 4.13; an antenna matching device is said to do 
two different things, (a) cancel the reflection, (b) build up the 
intensity so that all the power can be radiated—hence two 
variables are needed (p,* 100); “Like charges should repel, but 
the observed fact is that moving chaises attract one another” 
(p. 7). Another small fraction of the information is now 
obsolete, which is not surprising, but it is surprising that in a 
book described as a “postwar book on postwar problems” 
such flat statements as the folloyiring should be left unqualified: 
“Powers up to 3 megawatts in pulse form at 9 centimeters or 
longer, or 30 kilowatts at 1 centimeter, can be obtained with 
magnetrons.” 

Much of the book, in short, reads like a 1945 status report; 
the authors are describing the trees, not the woods or the 
vistas beyond. They have not entirely abandoned the point 
of view of the radar systems engineer who is concerned 
mainly with what a piece of “plumbing” will do, not why it 
does it. In its relation to the electronic art, the cathode is one 
of the most remarkable and important parts of the magnetron; 
in the 14-page section on magnetrons the cathode is allotted 
two or three sentences, one of which describes it as the source 
of r-f energy! The section on crystal detectors begins, “Crystals 
are usually mounted in a special cartridge, one of which is 
illustrated in Figure 4,1”, and continues in the same vein. No 
hint here of the intense research in the physics of semicon¬ 
ductors which has led to the widely used germanium diode 
and, more recently, the transistor. 

Despite their shortcomings, these chapters do give as 
compact and fast-moving an account of a rich field as could 
well be devised. The figures are abundant and exicsellcnt; care¬ 
fully selected and condensed explanations of the basic electro- 
raagnetic theory are inserted where they will be moat helpful. 


The very comprehensive index—so complete as to include 
the entry “main bang“'-^s a substantial asset. 

In the last two copters, “Microwave Communications,” 
and ** Microwaves in Physical Research,” the authors make 
good on their promise to give us a glimpse In the direction of 
future developments. Certainly much remains to be done to 
exploit the microwave art for communication purposes as 
fully as it was exploited for radar. It is good to see an adequate 
description of the experiments of the pioneers in microwave 
spectroscopy, Cleeton and Williams. Pollard and Sturtevant 
also explain the peculiar feature of the ammonia molecule 
that accounts for its unique role in the story of microwave 
spectroscopy. The Lamb-Retherford experiment gets only 
two sentences, however—surely a perfunctory treatment of the 
most important physics experiment the microwave develop¬ 
ment has yet fostered. The inclusion of a good discussion of 
thermal radiation at rsidiofrequenctes, and of Dicke's micro- 
wave radiometer, was an excellent idea, for the implications of 
this work are not yet widely appreciate. All of this material, 
together with brief discussions of microwave particle acceler¬ 
ators and microwave measurements of superconductivity, will 
certainly leave the reader sharing some of the authors* en¬ 
thusiasm for the shmy contents of our new toolbox, 

E. M. Purcell 
Harvard University 

Rocket Propulsion Elements 

By George P. Sutton. Pp. 294, Figs. 130. John Wiley & 

Sons, Inc., New York, 1949. Price $4.50. 

The major new developments of World War II—atomic 
bombs, radar, proximity fuzes, and rockets—were produced 
without benefit of standard text books and reference books on 
these subjects. In the first three cases this is understandable 
since the basic principles underlying these developments had 
been discovered in the years just preceding the beginning of 
the war. In the case of rocket aircraft and ordnance it may 
appear surprising as the fundamental principles of rocket 
propulsion have been known for many years. The answer is of 
course to be found in the fact that prior to World War 11 the 
number of professional scientists and engineers interested in 
rocket propulsion was very sipall. Rocket development was 
laqiely pursued by amateurs primarily interested in space 
navigation. Few schools presented courses in the subject and 
thus there was no great demand for textbooks, and in fact, 
there were no teachers with teaching experience in the subject 
to write them. 

The situation is considerably different at the present time 
but only a few textbooks for undergraduates and first-year 
graduate students have appeared since the war, presumably 
because of security restrictions. One of these few texts is 
Rochet Propulsion Elements, An Introduction to the En^ineerinf> 
of Rockets, by George P. Sutton, Supervisor, Propulsion 
^velopment, North American Aviation, Inc. and Instructor, 
University Extension, University of California. Even in this 
book as noted in the preface, “The text and the figures have 
been submitted and checked by military authorities. This re¬ 
quirement limited in part the amount of experimental and 
calculated data which could be presented, since a large part of 
the technical information on this subject cannot be published 
for security reasons.'* Nonetheless, the book brings together 
many of the fundamental mechanical, thermodynamic, ther- 
mod^mlcal, and ballistic principles which were known at 
the start of World War II as well as some applications devel¬ 
oped during the war which are no longer classified. As such 
it will be very useful in the instruction of present-day students 
on whom to a large extent our future security depends. 

The treatment of nozzle theory and thermodynamic rela¬ 
tions and of rocket propellant perftM-mance is conventional, 
but the material on these subjects is presented in an exodlmit 
manner for the student famiU^ with the bade phydpal, chetn^ 
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icali and engineering who is approaching rocket probfema 
for the lirat time. No attempt is made to derive or to elaborate 
upon the fundamental laws but the application of these laws 
to rocket propulsion is made directly and discussed in some 
detail. Copious references to existing texts on the basic prin¬ 
ciples are given. 

The major portion of the text is devoted to rocket devices 
employing liquid propellants, three chapters being devoted 
to the propellants, motors, and feed systems of such devices. 
The treatment of solid propellant rockets in the final chapter 
is admittedly sketchy. The chapters on flight performance and 
rocket testing are satisfactory for an introductory text. 

Unfortunately the treatment of the basic mechanism of 
rocket flight given In the first chapter is not too well done. 
Momentum is correctly defined as mass times velocity, but 
the quantity called momentum in Eq. (1-1) is actually the 
impulse transmitted to the rocket per second. To make 
the confusion complete, momentum is given the units of ft.-lb. 
at the end of the chapter when it should be in lb.-sec. or slugs- 
ft./sec. The difficulty arises from the fact that mass flow rate 
rather than mass appears in the equation for the force on the 
rocket. In addition, the discussion of efficiencies which are 
rarely used in designing rocket units will only lead the student 
into the apparent paradoxes which always arise in this con¬ 
nection without being explicit or detailed enough to be of real 
help. The efficiencies defined are all instantaneous efficiencies 
dependent on instantaneous power considerations and yet they 
are all defined initially In terms of relative energy values. 

The book contains a considerable numl^er of good illustra¬ 
tions and there are many tables of data. There are good 
problems and a summary of symbols at the end of each chapter. 
English engineering units are used consistently throughout. 
The sketch of rocket history in Chapter II is readable and 
interesting. With the exception of the points noted above, the 
book is an excellent one and should be of wide use in intro¬ 
ductory courses on rocket aircraft and ordnance. 

William A. Fowler 
California Institute of Technology 

The Optical Principles of the DiSraction of X-raya 

By R. W. James. Pp. 623+xv, Fig*. 217+vii, 22X14 cm, 
Vol. II of The Crystaliine State edited by Sir Lawrence 
Bragg. The Macmillan Company, New York, 1948. Price 
$17.50. 

Under the title The Optical Principles of the Diffraction of 
X-rays, Professor R. W. James of the University of Cape 
Town has written the second volume of the wries entitled 
The Crystalline SUUe, originally planned and edited by W. H. 
and W. L. Bragg and now continued under the editorship of 
W. L. Bragg. The first volume A General Survey covered, as 
its title implied, the whole field of the x-ray analysis of crystals, 
and provided a continuation of the series of editions of X-rays 
and Crystal Structure in which the Braggs summarized so 
elegantly their original researches and those of others into the 
field of the x-ray analysis of the fine structure of matter. 

In this volume, Professor James treats of the basic problem 
of x-ray analysis. He discusses the way in which the intensities 
of the x-ray diffraction pattern depend on the arrangement of 
the atoms within the scattering material and on the quantum 
mechanics of the electrons within the atoms of that material. 
His program is comprehensive and he carries it through in a 
way which is astounding to one who has worked for many 
years in the study of a few small parts of this large field. 

It is impossible within the space and the time allotted to 
this review to examine critically all the chapters of the present 
work, even if the reviewer felt himself qualified to do so. The 
book provides basic material for those who are interested in the 
of x-ray diffmerion and other diffraction techniques for 
the determinadmi ^ the electronic configurations of atoms, 
end idso iw those who are completely disinterested in the 


detailed structure of atoms and are only interested in the gross 
stereochemistry of large organic and inorganic molecules. It is 
concerned with the way in which the texture of natural crys¬ 
tals, in their departure from the Ideal crystalline state, affects 
the diffraction phenomena. It is, of course, this last phase of 
the problem which, is the crux of the situation as far as the 
x-ray analysis of material structures is concerned. We have a 
fairly complete theory, and Professor James presents it well, 
of the diffraction of x-rays from a “perfect” crystal. The reader 
of the book will find himself with a very gopd summary of the 
theory and the experimental results of the literature and will 
be well prepared to find and read the original papers on the 
subject. We also have a very complete theory of the "perfectly 
imperfect” crystal and this is also admirably presented here. 
Of real importance to the subject of x-ray analysis of structures 
of crystal molecules and of texture problems of the crystals 
themselves, Is the region between the "perfect” crystal and 
the "perfectly imperfect” crystal, for it is in this region that 
almost all crystals which can be grown or which occur naturally 
are to be found. In this section of the book Professor James 
excels, for he has himself been involved in many of the most 
fundamental experimental and theoretical investigations in 
the field. His treatment of the effect of thermal motion seems 
admirable to the reviewer who has read it largely for his own 
education, and without any real qualification for criticism. 

At the present moment the attitude of the x-ray analyst is 
that the values of | F(hkl)\* can be determined from the x-ray 
diffraction intensities. The only problem which remains is the 
determination of the phases of the Fourier coefficients F{hkl) 
of the electron density distribution. Professor James discusses 
this problem also and gives an excellent summary of the 
various processes which had been developed up to the time of 
completion of his manuscript. In the reviewer's opinion, 
however, the timeliness of this book lies in its application to 
researches which have been published in the last year and 
which are now in progress. It now seems that given accurate 
values of lF(hikI)l*, it will be possible in the not too distant 
future to select by routine procedures, a relatively small 
number of structures which will be consistent with the x-ray 
data. The power of the procedures which have been proposed 
by Harker and Kasper and the generalizations t>f these 
methods which are under development by Karle and others 
will depend on the availability of highly accurate values of 
|F(kW)|*. Professor James does not provide the complete 
secret for such accurate determinations, but he does summarize 
very completely the work which has been carried out so far 
in this direction, and the future developments which are 
needed can well be based on his summary. 

Individual research workers in a particular small sub¬ 
division of the field covered by this book will undoubtedly be 
able to criticize it. The reviewer has found one or two places 
in which his own taste differs from that of Professor James. 
Objective thought indicates however that these differences are 
only in methods of treatment and the reviewer gladly forgoes 
his priviledge of minor criticism in return for the inspiration of 
the first reading and the tremendous value of the continued 
use of the book as a reference. Sections of the book will 
provide potent material for graduate seminars in x-ray diffrac¬ 
tion, if the students and the professor are willing to face con¬ 
centrated material of great importance. The book can be 
recommended without reservation to any one who has any 
interest in research in any one of the many fields included in 
the title. 

Technically the book is excellently produced. The reviewer 
has found only a few typographical errors. The price seems 
high to one who wishes that the book could reach the hands 
of many students, but the number of text and plate figures 
and the number ctf formulas indicate that the book would be 
difficult to produce at a lower figure. 

A. L. Patterson 

Bryn Mawr CoUege 
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Recant Advances in Biological and Medical Physics 

Edited by John H. Lawebnce and Joseph G. Hamil* 
TON, Pp. 450+xi, Figs. 49, Tables 60. Academic Press, 
Inc., New York. 1948. Price $8.60. 

The title of this book is somewhat misleading for the subject 
matter is concerned not with biophysics but with the applica¬ 
tion of stable and radioactive isotopes to problems in bio¬ 
chemistry and medicine. The misnomer reflects a growing 
tendency on the part of biologists and physicists alike to 
regard biophysics as any biological study which utilizes a mass 
spectrograph or a Geiger counter as its method of analysis. 
One might equally well define biophysics as the study of renal 
function because elaborate physical methods are sometimes 
employed for analysis of the urinary constituents. Biophysics'* 
is more properly concerned with the physical properties of cells 
and tissues but this is not the subject matter of the volume 
under review. 

Although the title is misleading, this book fulfills an im¬ 
portant need for a comprehensive reference source in a field 
which is expanding with great rapidity. The volume consists 
of ten chapters, each chapter being written in review form by 
an outstanding contributor to the field. Five chapters are 
devoted to those recent advances in the biochemistry of in¬ 
termediate metabolism, which have been made possible 
through the use of isotopic tracers. These chapters include the 
metabolism of carbon and nitrogen in vivo, phospholipid 
metabolism, the nucleic acids, and the metabolism of iodine 
and iron, fn the opinion of the reviewer, these sections supply 
the most valuable material of the book. Two chapters are 
offered on the fundamentals of radioactivity, its nature, pro¬ 
duction, and detection. Both chapters are masterpieces of con¬ 
densation, but the scope of the subject is too broad to be 
clearly presented in 98 pages. The remaining chapters are 
concerned with clinical applications of radioactive materials to 
the control of malignancies, with the effects of radiation 
on the human organism as a whole, and with protection from 
radiation. 

The scientist who is unfamiliar with applications of nuclear 
physics to biochemistry will find this book valuable as a general 
survey of the field. From this point of view the book may be 
particularly helpful to workers in countries which have not, 
as yet, had full access to the detailed literature. To the bio¬ 
chemist, the book will be constantly useful as a reference 
source. 

John R. Pappenheimer 
Harvard UniversUy 

The Structure of Matter 

By F. O. Rice and E. Teller. Pp. 361, Illustrations 77i 
John Wiley & Sons, Inc., New York, 1949, Price $5.00. 

The Sirtteture of Matter is a clear, absorbing, non-mathe- 
matical account of the entire broad field indicated by its title. 
Omitting only a discussion of fundamental particles (which 
from the point of view of the book are presumably matter 
without structure), the reader is taken from that simplest 
form of matter, the hydrogen atom, uniformly into more and 
complex aggregates to find himself finally dealing familiarly 
with problems of composition and stability of the stars. The 
course of this progression to the stars includes the structure of 
atoms, atomic spectra, the chemical bond and structure of 
molecules, molecular dipoles, Van der Waals^ forces; molecular 
spectra, the solid state, electric and magnetic properties of 
matter, radioactivity, and nuclear chemistry. 

Naturally this book of 350 pages cannot serve as a reference 
for the broad field covered, or as a rigorous development, but 
only as an incisive introduction. It’s style and sc;ope reminds 
the reviewer of Wells' Pocket History of the World, where each 
century of history rushes^past—but not before the reader is 


made to feel he is satisfyingly aware of its true meaning and 
, relation to the entirety of human experience. The book is not a 
superficial summary of physical and chemical information, but 
a logical and penetrating presentation of ideas, principles, and 
results. The authors' thorough familiarity with wide areas of 
the material covered have enabled them to choose the im¬ 
portant ideas, to express them simply and yet accurately, 
and to correlate and give perspective to the many phases of 
their account. 

Perhaps the most delighted readers will be the trained 
physicists and physical chemists—even though the book is 
non-mathemalica! and very simply written. They will find in 
The Structure of Matter a fascinating and easily read story, 
new points of view, a general cultural education in physics and 
chemistry, and some sparks of humor. 

The success of this book as a classnwm text is debatable. 
An advanced undergraduate of first-year graduate course 
based on it would certainly be an interesting and worth while 
exp)eriment. The words will l)e easily read by a student of 
this level. However, quantum mechanics is used as a basis for 
discussion almost throughout, and many advanced ideas are 
introduced. The hazards are that in spite of the clarity of 
style the student may l)e left breathless by the wealth of 
new ideas or because of difficulties in assimulation may come 
to regard the whole discourse as somewhat unreal. He may 
be better served by a slower and more rigorous approach. 

Mathematics is avoided almost to a fault. Although many 
advanced quantum-mechanical ideas arc used and discussed, 
no mathematics as complicated as a differential equation 
(including Schrftdinger's equation) is involved. This is, of 
course, contrary to usual practice since students advanced 
enough in our present educational system to deal with prob¬ 
ability distribution, quantum-mechanical resonances, and 
tunneling effects are usually capable of handling somewhat 
more mathematics than the authors allow themselves. 

As supplementary material for advanced students, The 
Structure of Matter should be readable and valuable. In fact, 
for most physicists and physical chemists the only unreadable 
part will be the closing expression of “that’s all'* in Greek. 

Chas. H. Townes 
Columbia University 

Principles of Radar 

Bv Denis Taylor and C, H. Westcott. Pp. 141, 8 in. X 

6 in. Figs. 51. The Macmillan Company, New York, 1948. 

Price $3.50. 

This compact little book forms one of a series on modem 
radio technique which is intended to describe advances in 
radio technique made during the war. The whole subject of 
mdar is included in this volume which covers essentially the 
entire British technique ranging from long wave flood lighting 
radar to microwave radar. The elements of radar beacons arc 
also included, again over a wide range of wave-lengths. 
Ground and airborne radars are both included. 

This is, of course, a very considerable subject to cover and 
the authors have attempted to present the fundamental 
features which underlie radar rather than spend much time 
on the description of specific sets. This is a very desirable 
approach and indeed a little volume such as this published 
during the war would have been invaluable to those who were 
struggling with the whole problem of the wi.se choice in radar 
for various purposes. The authors succeed in their aim and 
the result is a very attractive presentation of the way in 
which the problems of radar have been solved for equipment 
over a wide range of wave-lengths. 

As an example of topics which arc covered simply and ade¬ 
quately, we can include the calculation of maximum ranges 
propagation problems, methods of height finding, and a rather 
interesting appendix on scattering areas. 
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By way of a certain amount of criticism, one wonders why 
the book is so entirely confined to techniques which are 
primarily British. There is no doubt that the British con¬ 
tribution to radar was the most significant and of the first 
magnitude, still there did result methods which arc present 
in American sets which could have been included to make the. 
book more complete. For example, there is no mention of 
rapid scanning radar such as the GCA or the APQ7, both of 
which represent important contributions to radar methods. 
This slant in the direction of British methods is also expressed 
in the language and one feels a sense of profound regret that 
a subject which was so entirely interlinked in research effort 
during the war should nevertheless be developing a national 
form of language. Thus, one sees "centimetrie" radar in place 
of "microwave" and "time base" in place of sweep and so on. 
This is not at all significant, hut it does underline the fact 
that there is a tendency for language to diverge even in the 
technical field. 

The book docs not look forward very much and one feels 
that it represents a description of the whole art as it applied 
in early 1945, with very little included beyond this time. It is 
also interesting to note that the one serious divergence of 
thinking between English and American practice, namely, 
that of feeding an antenna, is markedly shown in the illustra¬ 
tions in this book. 

The book should be read by anyone with a certain amount 
of knowledge of radar who wishes to widen his understanding 
of the subject. For English readers it could well serve as an 
introductory book, but it would be found by American readers 
that the illustrations were not apt, although the method of 
presentation is excellent, the language clear and well con¬ 
served and the actual material very well chosen. One small 
defect lies in the fact that no more advanced reading is sug¬ 
gested and this is rather an omission in an elementary book. 

Ernest C. Pollard 
Yale University 

General Techniques of the Physics Laboratory, 
Vol.1 

Edited by J. Surugue, Pp. 433, Figs. 438. Centre de 
Documentation due Centre National de la Recherche 
Scientifique, Paris, 1947. In French. 

This book constitutes the first volume of a series which 
promises to be a detailed collection of useful experimental pro¬ 
cedures for the physicist. It is not written for the specialist 
in a given field, but for the experimenter who has to make use 
of or choose between certain techniques with which he is not 
too familiar. 

In the foreword to this volume, Professor Joliot-Curie points 
out that scientific research is furthered in part by manu¬ 
factured equipment (which is especially true in this country), 
but to a larger extent by special apparatus which every re¬ 
search worker must design and construct for himself and put 
into operation. It is during the latter process that one often 
encounters technical problems which may have been solved 
already in a satisfactory manner by other people, perhaps 
working in an unfamiliar field. A good compilation of modern 
research techniques is therefore a welcome aid and convenience 
for the experimenter. 

The present volume, written by various experts, treats tl^ 
following subject matter: Principles of Construction of Sci¬ 
entific Apparatus (H. CJondet), Principal Operations of Glass 
Blowing (Ch. Amate), Vacuum Technique (J. Surugue), 
Production of High Temperatures (G. Ribaud), General 
Techniques of Optics (A. Arnulf), Light Sources and Filters 
(G. Dupuy), Photoelectric Cells (A. Lallemand and M. 
Munsch), Procedures of Recording (H. Gondet), and Regula¬ 
tion and Rectification of Voltoges and Currents (M, Demont- 
vignksr). 


The book is perhaps best compared to Procedures in Experi¬ 
mental Physics by J. Strong (Prentice-Hall, Inc., New York, 
1945), which is widely us^ in this country* Many of the 
techniques described are similar to those given by Strong. 
Some parts are treated in greater detail, as, for example, the 
subject of ovens and furnaces and the use, adjustment, and 
testing of various optical instruments. The material in the 
last two chapters of the volume is for the most part not men¬ 
tioned by Strong: the chapter on recording techniques presents 
chemiciil, mechanical, electrical, and optical methods for 
recording. The chapter on electrical regulation and rectifica¬ 
tion discusses resistance, inductance, and discharge tube 
regulators, various solid and vacuum tube rectifiers, and has 
a section on the operation and construction of filters. 

From the point of view of the contents, General Techniques of 
the Physics Laboratory is excellently written. The material 
is organized in a clear and logical manner, which is a speciality 
of French scientists. The index, which is important in this 
kind of a book, is good. The clarity of some of the figures might 
perhaps be improved. 

As far as the usefulness of the presented information to an 
American physicist is concerned, it is more difficult to give a 
completely enthusiastic opinion. For there exists in different 
countries a vague pattern of certain preferred techniques, 
which is generally determined by practical circumstances. 
For example, due to the very high industrial development in 
this country, the American physicist makes use of many 
techniques which lean heavily upon industrial equipment 
(which does not mean that these techniques are necessarily 
better than those used elsewhere). Therefore, in some cases 
a book like Strong*8 will give more useful information to an 
experimenter in this country. This is especially true with re¬ 
spect to comparative performance characteristics of apparatus 
manufactured by competitive firms, which the French book 
lacks completely. 

Yet, many American physicists will find this book a source 
of most welcome and useful information. 

W. E. Meyerhof 
University of Illinois 

Wavefonns 

Edited by Britton Chance, Frederick C. Williams, 
Vernon Hughes, Edward F. MacNichol, and David 
Syre. Pp. 53S-hvii-xxii, Figs. 704. McGraw-Hill Book 
Company, Inc., New York, 1949. Price $10.00. 

The Radiation Laboratory series has once again presented 
us with a volume packed from cover to cover with useful, 
practical information. In spite of the fact that some twenty- 
odd thick volumes have already appeared in this series, which, 
after all, covers only a relatively small segment of applied 
physics, the books continue to present new material and to 
present it divorced from the original application so that the 
reader interested in the general fields of electronics and applied 
physics cannot fail to find the series of major importance. 

Waveforms is an excellent example. Starting with the radar 
problem of generating suitable wavefonns for timing and 
indicating purposes, the authors have assembled material 
covering the circuits and techniques for generating and hand¬ 
ling wave forms of almost any conceivable type. Having 
developed this circuitry, they then illustrate some of the 
applications, to modulation, to frequency division and count¬ 
ing, and to numerous mathematical operations. Although 
much of the fundamental material dates back to prewar days, 
the demands of radar required the development of precision 
dreutts, and it is primarily because this precision is available 
that many of the applications discuss^ in the book are 
possible. 

The merits of the book, then, lie in its encyclopedic dis¬ 
cussion of the techniques of generating precision waveforms 
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and its indication of the present and future applications of 
these circuits. 

Early in the book two particularly interesting chapters deal 
with operations on waveforms with linear and with non-linear 
circuit elements. In discussing the non-linear elements, a large 
number of unusual tube characteristics are presented. It is 
refreshing to see such material emphasizing the non-linear 
behavior of tubes in contrast to the conventional linear 
approximations. The treatment of linear circuit elements is 
interesting but not altogether satisfying. In view of the wide¬ 
spread use of operational methods, it would seem that they 
deserve more than a cursory reference. 

The book is liberally illustrated with actual circuit diagrams 
and cathode-ray oscilloscope photographs. The diagrams 
generally contain the circuit constants and therefore should 
be of inestimable value to the engineer and physicist interested 
in applying the material to practical problems. It is interesting 
to note the inclusion of some circuits and techniques developed 
in England. These have not always been translated into 
American tube types. It would have been helpful to include a 
table of approximate equivalents, or better yet, a brief tech¬ 
nical description of the few British tubes mentioned. 

The scope of this work is such as to appeal to a wide variety 
of interests. For example, the chapters on generating wave¬ 
forms and on modulation, particularly time modulation, will 
prove of interest to communication and television engineers. 
The chapters on mathematical operations on waveforms, 
storage tubes, delay lines are of immediate application to the 
field of high speed electronic computation. Form the point of 
view of the experimental physicist, the techniques of measuring 
and controlling waveforms occurring in intervals of a micro¬ 
second or less, present him with a new tool which should prove 
of increasing importance in the future. 

The book ends with a glossary of terms which includes a 
number of words and phrases new to those of us who are not 
specialists in this field. The authors state that they are 
attempting to replace the colloquialisms currently used by 
more precisely defined terms. For example, a flip-flop is 
changed to a monostable circuit. They are to be congratulated 
on their efforts, but when a picturesque colloquialism is once 
entrenched in the language it cannot be removed, it can only 
be paralleled by the scientific term. In this particular case, 
the classification of multivibrator type circuits into astable, 
bistable, and monostable would seem particularly apt and it 
is to be hoped that these terms will receive general currency. 

This reviewer must confess that once again he is delighted 
to find a volume of the Radiation Laboratory series which, 
although the work of many contributing authors, has the 
continuity and readability of a first class reference book. The 
editorial staff and the authors have done ah excellent job. 
Let us hope that the title does not imply to prospective readers 
that the book is limited to some specific ra^r problems, for it 
is indeed a book of wide scope and general interest with ap¬ 
plications to numerous fields. No experimentalist can afford 
to overlook it. 

W. H. Pickering 

California InstUiOe of Techndogy 
% 

Microwave Antenna Theory and Design 

Edited by Samuel Silver. Pp. 72H-vii-xviti, Figs. 300. 

McGraw-Hill Book Company, Inc., New York, 1948. 

Price $8.00. 

The extension of radiofrequency techniques to the micro- 
wave range marks a new era in antenna theory and design. In 
this range, the conventional low frequency techniques are 
combined with the optical techniques on the one hand to 
achieve directivity, gain, and efficiency; on the other band, 
new design principles are made available to obtain special 
effects. This book, edited by Samuel Silver, represents a 
documentary report covering the important antenna develop¬ 


ment during the war at the Radiation Laboratory, M.I.T., and 
to a limited extent other allied laboratories.' 

According to the subject material, the book can be divided 
into two parts. The first half of the book from Chapter 2 to 
Chapter 7, written by l^tver, deals with the general principles 
of microwave antennas. The author collects material which is 
scattered among textbooks and articles of diversified topics. 
It covers circuit theorems, microwave transmission lines, 
radiation from current distributions, geometrical optics, and 
scattering and diffraction. The author has placed enough 
emphasis on mathematical rigor, and the material Is well 
arranged, so that the first part is appropriate for classroom use. 

The second part of the book deals with the design principles 
of various types of antennas. It starts with a chapter on 
dipole antennas and feeds used in connection with reffectors 
and other optical systems. In spite of their simple geometry 
and dimensions, they are not readily susceptible to accurate 
analysis. Experimental results and descriptions of different 
dipole arrangements are presented. The wave guide and horn 
feeds are covered in another chapter by J. R. Risser who has 
made a thorough and highly creditable experimental study of 
the impedance and radiation properties of electromagnetic 
horns. The results are presented here together with some 
theoretical analysis. The practical matter of pressurization is 
also touched upon. 

In the chapter on ^'Linear Array Antennas and Feeds** by 
J. £. Eaton, L. J. Eyges, and G. G. Macfarlane, the latter from 
Telecommunication Research Establishment, England, the 
first third is devoted to the pattern theory, general formulas, 
uniform array, and beam synthesis. This is followed by a 
discussion of array elements. The outstanding work on slot 
radiators by British and Canadian scientists during the war 
is included. The impedance aspect of arrays, a few typical 
broadside arrays for beacons and feeds, and endfire arrays 
are described in detail. 

Lenses and reflectors are treated in two chapters by Risser 
and Silver, respectively. The well-known metal-plate lenses 
developed by W. E. Kock, and the briefly mentioned parallel- 
plate systems, represent two of the radical departures from 
the optical systems at optical frequencies. 

Although beam shaping is a standard practice at the 
standard broadcasting trequendes, the stringent requirements 
to prov^ide proper coverages for radar mapping from the air, 
or air search from the ground, necessitated the development 
of new techniques. L. C. Van Atta and T* J. Keary give a well- 
balanced treatment of the theory, experimental results, and 
applications. Some early development, however, is omitted. 

The practical aspects of microwave antennas are treated in 
the last three chapters. In **Antenna Installation Problems** 
by Van Atta and R. M. Redheffer a description of importnat 
considerations of installing antenna systems on ground, ship, 
and aircraft is ^ven. A condensed treatment of the dectrical 
aspect of the dielectric housing, or radome, is included. 

Microwave antennas usually involve four-dimensional prob¬ 
lems. Theoretical analysis can, at best, serve as a guide to the 
design of a practical system. One relies heavily upon the 
measurements of the performance of the components for most 
of the detailed design information. **Antenna Measurements— 
Techniques*' by H. Knitter, who is personally responsible for 
many of the techniques, summarizes the practical techniques 
and their fine points instrumental to microwave antenna 
designs* The b^k is concluded with a brief chapter on 
“Antenna Measurements Equipment** by O, A. Tyson, who 
made the research work possible in the antenna group of the 
Radiation Laboratory by supplying them with new instru^ 
ments for reliable and accurate measurement. 

As a whole, the seejmd half of the book contains a tretnen- 
dous amount of reference material which is invaluable to 
designers and others seeking practical understanrilng of micro¬ 
wave antennas. The general organisation of the book is to the 
credit of the authors and the editor. 
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Tbe antenna ayetems discussed in this book are necessarily 
restricted to those used-ln microwave radar systems^ although 
most of them can be used for other applications. There are, 
unfortunately, a few omissions, among which are the off-focus 
properties of optical systems and special systems for rapid 
scanning. 

L. J. Chu 

Massachusetts Institute of Technology 

Scientific Foundations of Vacuum Technique 

By Saul Dushman. Pp, 882, Fig. 324. John Wiley & 
Sons, Inc., New York, 1949. Price $15.00. 

Of many books of undoubted value, it can be said that any 
one of a number of authors could have accomplished as much. 
It is doubtful whether anyone else could have done this piece 
of work. Dr. Dushman, recently retired as assistant director 
of the General Electric Company Research Laboratory, has 
spent nearly forty years working and studying in this field and 
its associated phases and has b^n a leader all the way. 

His 1922 volume, The Production and Measurement of High 
Vacua brought together at that early date the known vacuum 
information. In a conversation during the preparation of his 
present volume, Dr. Dushman told this reviewer that he was 
not too happy about some of the things in the earlier book and 
this time he was giving every effort to produce a compre¬ 
hensive, scholarly treatise of permanence and of which he 
could be proud. The result is a beautiful piece of work. 

For those who do not already know the author by his 
works, it may be said that the writing style is clear and concise 
and the presentation orderly. The book is extremely readable. 

The contents, by their nature, require many references. 
These are taken in stride with facility and without adverse 
effect on the subject matter. Liberal use has been made of 
direct quotations of sections of references as well as of illustra¬ 
tions. When expertly done this is a good thing. Valuable in¬ 
formation, often lost thru interpretation of anothers work, can 
be saved by skillful quotation of pertinent material. 

Apparently every effort has been made to give credit to all 
sources of information. The name index runs to well over a 
thousand. The footnotes are studded with acknowledgments 
of "private communication" and "copy of manuscript before 
publication," testifying to a wide and active acquaintanceship 
among workers in the held and assuring that no source 
information has been neglected. 

The above paragraphs bear witness to the capabilities of the 
author and the quality of his work. In his choice of contents 
he has drawn upon the fields of physics, chemistry, and 
metallurgy—the applications and fun^mentals of vacuum 
technology extend into all of them with increasing importance. 

The ffrst two chapters contain a treatment of the kinetic 
theory of gases and of gas flow through orifices. The pertinent 
information is included without padding and together with 
some of the material of the later chapters would serve as an 
excellent basis for a practical course in kinetic theory. 

Three chapters cover the various types of mechanfcal and 
vapor pumps. Descriptions and characteristics of many pumps, 
both historical and presently available are given. Information 
on pump speeds and design of pumping systems are included. 
In the case of vapor pumps such items as design information, 
noazle characteristics, and available types of pump fluids are 
adequately discussed. 

Chapter 6, entitled "Manometers for Low Pressures,” 
contains about 125 pi^es and illustrates well the ingenuity 
of man as well as the effectiveness of the authors literature 
dragnet Over one hundred different gauge constructioni are' 
referred to. Admittedly many are vaeiations of a common 
principle. Certainly thm exist only half a dozen or so basic 
physical phenomena upon which gauges may be built Ex- 
amplei of ingenuity, although pethaps not ai convenience, are 
tike appUcatfam of a Mkhelm inter f er om eter to the measure¬ 


ment of small mercury displacements in a manometer, and the 
construction of a hot wire gauge in the capillary of a McLeod 
gauge! Those gauges more commonly in use, such as the 
McLeod, the ionization gauge, and various hot wire gauges, 
have been given thorough treatment. This chapter also in¬ 
cludes a section on leak detection in which the mass spectro¬ 
graph and the halogen ion detector are discussed. 

Up to this point, about the halfway mark, the material, 
although masterfully and thoroughly presented, would be 
available without too much reference work. It is the second 
half of the book which, in the reviewers opinion, will prove 
to be of greatest ultimate value. The mere gathering of this 
material would have been a forbidding undertaking. Its 
intelligent interpretation in the interests of vacuum technology 
is a real contribution. 

Two chapters are used in the presentation of sorption 
phenomena, one for metal, the other for charcoal, silicates 
(glasses), and cellulose. Particularly detailed are the sorption 
data for charcoal and glass. One chapter discusses the solubility 
of gases in metal and techniques of degassing. 

Clean-up of gases at low pressures is discussed under two 
headings. In chemical clean-up are discussed the use of getters 
and the reaction of gases with incandescent filaments. Under 
electrical clean-up are found some of the explanations which 
have been offered for that rather nebulous but real phenomena, 
the disappearance of gas under certain conditions of low 
pressure discharge. 

A chapter on vapor pressures contains extensive tables of 
vapor pressures of metal and other materials, and describes 
practical methods of evaporation. The final chapter gives 
numerous data on dissociation pressures and oxidation rates 
and discusses the logarithmic and parabolic laws of rates of 
oxidation. 

The completeness of this work must be emphasized. Where 
gaps appeared the author, when possible, performed the 
necessary experiments or calculations to close them. Such an 
instance is found in the case of the vapor pressure tables 1 and 
2 of Chapter 11. 

By virtue of its scope, this is a reference book. It is also a 
book in which to browse. It will be serving both purposes 
adequately for many years to come. 

C. H. Bachman 
Syracuse University 

Principles and Methods of Telemetering 

By Perry A. Borden and Gustave M. Thynell. Pp. 

230, Illustrated. Rein hold Publishing Corporation, New 

York, 1948. Price $4.50. 

Instrumentation which provides remote indication or re¬ 
cording of variable physical quantities has added a distinct 
phase to the field of electrical communications. This phase of 
communications, called telemetering, has fostered the devel¬ 
opment and application of many unique systems and measure¬ 
ment devices. Although telemetering systems have been em¬ 
ployed for many years, there has b^n a relatively small 
amount of literature wUch deals exclusively with the field. 
This book provides a description of many types of telemetering 
equipment which are presently in use or have been employed 
in past. Consideration of the principles of telemetering is 
chiefly related to the specific equipment being discussed. 

With consideration of the electrical variable, the tele¬ 
metering systems are classified as; (1) current, (2) voltage, 
(3) frequency, (4) position, (S) impulse. Seven chapters are 
devoted to the description of representative equipments in 
each of the-classifications together with a brief discussion of 
the system principles and methods. Consideration of basic 
characteristics and limitations of the systems is almost non¬ 
existent. In many instances the reader must deduce the 
principal characteristics of the system from the method of 
operation of the described apparatus. In this respect, however. 
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the authors define their position as compilers of information 
relating to the essentials of the various apparatus. / 

The measurement field is considered with a reasonable 
breadth of types of apparatus. Emphasis is given the measure¬ 
ment of liquid level and flow, mechanism displficement and 
position, and electrical quantities related to power applica¬ 
tions. The descriptions of the apparatus and the methods of 
operation are presented fully and the reader should have no 
difficulty in understanding the devices. 

One chapter deals specifically with interconnecting circuits 
and channels. Illustrations are given of the use of simplex, 
phantom, and other similar methods for the transmission of 
telemetering signals over circuits which carry other intelli¬ 
gence. The chapter on carrier current goes into some detail 
on the equipment employed and discusses the application 
methods and problems. 

The practical application of telemetering apparatus estab¬ 
lishes additional requirements for equipment to properly 
associate information from various sources. It is necessary to 
perform operations upon this information so that the desired 
result is presented in the most easily used form. Consideration 
of these problems together with a description of typical appa¬ 
ratus is contained in the chapter on coordinating, totalizing, 
computing, and integrating. The final chapter discusses the 
general relationship of typical application problems and the 
type of telemetry which should be employed. 

An interesting classified Hst of patents in telemetering and 
allied fields is included. 

The authors’ viewpoint is “prior to the advent of the elec¬ 
tron tube" which does not bring forth discussion of some of 
the more promising possibilities of telemetry. In addition, 
practically no consideration is given to telemetering via a 
radio link. This is felt to be a serious omission since radio 
telemetering provides the means for a vast new field of 
instrumentation. 

The book will undoubtedly be of considerable interest for 
those desiring descriptive information about commercial appa¬ 
ratus employed in stationary installations. It will be of little 
value to those seeking knowledge of the fundamentals of 
telemetering. 

T. W. Sheppard 

The Johns Hopkins University 

Methods in Medical Researchi Vol. I 

Edited by V. R. Potter. Pp, 372-f xiii, Illustrated, 16X 

24 cm. The Yearbook Publishers, Inc., Chicago, 1948. 

Price 18.00. 

The annual volumes, of which this is the first, should lx? 
valuable additions to the biological literature, since there has 
been no similar systematic presentation of current method¬ 
ology in this field. Although intended primarily to cover 
techniques of particular concern to medical research, many of 
the articles are of broader biological interest. It is also possible 
that some of the methods, such as those for measuring fluid 
flow and those for certain chemical studies, contain ideas of 
use to experimenters in non-bilolgical fields. , 

Each volume is to “be divided into four or five principal, 
self-contained sections, each of which shall, for that volume, 
reprewnt one of the broad fields of medical research: bio¬ 
chemistry, physiolop^ and pharmacology, microbiology and 
immunology, and biophysics, including radiobiology.'* Within 
each of these broad fields it is planned “year by year, to select 
various topics wherein a restatement of techniques seems 
timely." The stated purpose is to provide a place for appraisal 
of the various methods proposed for solution of a particular 
expeni^ntal problem and to offset the present difficulty of 
obtaining publication of adequate descriptions of technique, 
especially in the field of physiology. For each topic selected, 
an expert is chosen to serve as associate editor who picks 
contributors to describe particular methods. 


The subjects treated in this volume include the following: 
Section I: Assay of antibiotics (65 pages). This covers the 
assay of potency of penicillin, streptomycin, tyrothricin, and 
bacitracin, by biological, chemical, and physical methods. 

Section II; Circulation and blood flow measurements (188 
pages). This includes an extraordinary number of devices for 
measuring flow of blood, mostly contrived to cause a minimum 
disturbance in pressure relations of the system in which flow 
is measured. There are volume-displacement methods, drop 
recorders, a “bubble" flow meter, a critical and condemning 
discussion of thermostromuhrs, differential pressure flow 
meters, and a section on methods for following pulsatile flow. 
In an electromagnetic flow meter, measurement is made of the 
voltage generated between two electrodes on opposite sides of 
an intact blood vessel as the blood crosses a strong magnetic 
field. Systems for perfusing various organs are considered. 
Methods are discussed for measuring blood flow indirectly in 
certain regions by microscopic observation, by skin tempera¬ 
ture recording, by plcthysmographs, by nitrous oxide exchange 
(human brain), etc. There is also a discussion of several 
methods for determining cardiac output and for studying 
vascular tone. 

Section III: Selected methods in gastroenterological re¬ 
search (18 pages). These concern the study of gastric acidity 
in man and the use of animals for certain tests of liver function 
and for evaluation of treatments for peptic ulcer. 

Section IV: Cellular respiration (74 pages). This section 
briefly covers the measurement of respiration of intact animals 
of various sizes by a closed volume method and then more 
extensively considers applications of the Warburg manometer 
technique to slices and homogenates of excised tissues. The 
biochemical details are given for determining the concen- 
tratioas of particular enzymes in homogenized tissues. Finally, 
a system is described for rapid freezing of tissue samples and 
subsequent analysis for various substances, including enzymes, 
of interest in carix^hydrate metabolism. 

The authoritativeness of each contribution has been in¬ 
creased in a way which may recommend itself to future editors 
of similar surveys. Each article has been submitted to at least 
one other experienced investigator for review. The reviewer 
is given real responsibility for critical comment by noting his 
name at the end of the article, frequently the comments 
themselves are printed. This appears to be of considerable 
value in assessing many of the methods now employed in 
biological research, where procedures are often not standard¬ 
ized and where additional precautions and controls seem 
needed for almost every new application. 

Martin G. Larrabre 
University of Pennsylvania 

Sources of Engineering Information 

By Blanche H. Dalton. Pp, 109. University of Cali¬ 
fornia Press, Berkeley, 1948. Price $4.00. 

To meet the need for “a compilation listing source material 
(in engineering) for American engineers and librarians," the 
engineering librarian of the University of California has 
prepared a revised edition of a syllabus originally written for 
use with lectures on library materials for those engaged in 
research in engineering. 

The organization of the compilation makes it an excellent 
tool for students and librarians, Mrs. Dalton correctly places 
the emphasis on periodical literature^ where the chief attention 
belongs in tracing scientific information. The first three 
sections of the book form a unit“““Indexe8 to Periodical and 
Serial Literature," “Abstracts," and “Location of Articles 
and Identification of Periodicals." The third section con¬ 
tains suggestions for the searcher not familiar with the services 
a library can offer in finding the periodicals needed. 

The fourth section, “Bibliography," should be useful to the 
researcher who needanot only a Hst of bibliographies, but also 
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directions for preparing a bibliography for himself; and the 
hfth section is a list of reference bo^ks, classified by general 
type—for example* technical dictionaries and handt^ks— 
and by subject within the type. The brief section on the trade 
catalog collection describes the organization of such a collec* 
tion* and the four pages devoted to standards and specihca- 
tions gather into a good working-list the names of national 
standardizing bodies and of important publications in this 
diffuse and frequently confusing held. 

The various lists cover the ground thoroughly; the organiza¬ 
tion under headings and subheadings follows familiar library 
patterns, and the book will not only guide librarians in or¬ 
ganization and method, but also provide a check list for 
library holdings. Whether the practicing engineer or research 
worker will take the time and trouble to look through the 
classifications till he finds what he needs is another matter; he 
would doubtless prefer a subject index for quick reference 
rather than the subject classification only, which he must 
first learn before he can use the book with speed or can be sure 
he has not overlooked the source of the information he needs. 

Rose E. Lonberger 
Sarah D. Jones 
Universily of Pennsylvania 

Vacuum-Tube Circuits 

By Lawrence Baker Arguimbau. Pp. 668 Figs. 676« 
John Wiley & Sons, New York, 1948. Price $6.00. 

The text Vacuum-Tube Circuits presents no new material 
but does bring together, under one cover and in a coherent 
manner, many of the necessary relationships between vacuum 
tubes and present-day communication circuits. The title does 
not indicate that the book covers only applications of vacuum 
tubes to the communications fields. 

The text assumes a firm foundation in alternating current 
circuit theory and the associated mathematics. Some previous 
knowledge of the fundamental concepts of vacuum tubes 
themselves is assumed even though the second and third 
chapters (Diodes and Rectifiers and Triodes, Pentodes, and 
Linear Amplifiers [Including Random NoiseJ) review these 
facts to some degree. The first and foremost consideration is 
the association of the tube to its circuit which is brought about 
with expedience. 

Chapter Four Is entitled ‘Transient Response of Video 
Amplifiers." The chapter begins with a discussion of the fun¬ 
damentals of television in an attempt to place restrictions on 
the operation of the video amplifiers. This discussion is neces¬ 
sarily brief and somewhat out of place here, particularly in 
view of the wide application of the term "video amplifier" to 
broad-band amplifiers in general. The presentation of the 
subject is, however, thorough and of great practical worth. 
Design criteria are given for broad-band amplifiers under all 
conditions of operation, with special reference to transient 
response. 

Chapter Five discusses "Amplitude Modulation and Tuned 


Amplifiers" which includes the relationship between modula¬ 
tion band width, circuit Q and the operation of the radio¬ 
frequency coupling circuits in current use. 

“Power Amplifiers," Chapter Six, discusses the theory of 
class A, Bf and C amplifiers. Of particular interest is the fact 
that the author devoted time and space to the step-by-step 
determination of the correct operating conditions for class 
B and C amplifiers. Although this information can most 
certainly be found elsewhere, It is a valuable addition in 
providing background for a book of wide coverage such as this. 

The chapter on oscillators (Chapter Seven) provides all 
the usual ramifications, including well presented design cri¬ 
teria. The beat portion of the chapter is the section on sta¬ 
bilized oscillators of many forms. Amplitude and frequency 
stability under varying operating conditions are discussed in 
detail. 

The cathode-follower as an example of inverse feedback 
(Chapter Eight) receives complete treatment including the 
choosing of proper quiescent operating conditions. Negative 
feedback as a whole is present^ with lucidity by the use of 
equivalent circuits and examples. The effect of negative feed¬ 
back on noise, distortion, band width, and amplifier stability 
is illustrated. 

Chapter Nine (Amplitude Modulation) continues the study 
of class C amplifiers as applied to the modulated output stage 
of an amplitude-modulated transmitter. Improvement of 
linearity of modulation by the use of negative feedback is 
shown. Other topics discussed are; single-side-band trans¬ 
mission, frequency changers, detectors, and automatic volume 
control as applied to amplitude modulation. Particular atten¬ 
tion is paid to the correct operation of the diode detector in 
minimizing the different types of distortion which might arise 
in such a circuit. 

In Chapter Ten, frequency modulation theory and history, 
transmitters and receivers are discussed. The advantages of 
FM over AM are brought out. The effect of pre-emphasis on 
signal-to-noise ratio is discussed. The relationship between 
modulation index, deviation ratio, pre-emphasis, and signal- 
to-noise ratio is not clearly defined. The ratio detector (or 
discriminator) is omitted. 

The problems connected with television pulse generators, 
sweep circuits, and synchronism of television signals are the 
concern of Chapter Eleven. For the allotted space the coverage 
is good, but many items of importance such as d.c. restorers 
and sound "traps" are eliminated. 

The last chapter discusses the generation of microwave 
frequencies by triodes, magnetrons, and klystrons. Multiple- 
cavity and reflex klystrons are both considered. 

The text as a whole should be of much practical value due 
to its wide, up-to-date coverage, clear presentation, and 
frequent practical references and examples. The value of the 
author’s bibliography is increased by brief summaries of the 
content of articles in many cases. 

Joe Cyril May 
Yale University 
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Laboratory and Shop Notes 


Lead-In Seals for Kinetic High Vacuum Systems 
Using Rubbers 

Ralph C, Tavlor anp Carnot W. Ward 
Nawal Ri$ 0 arch Laboratory, Washington . D, C. 

I N using kinetic high vacuum systems in tube development, 
metal sputtering, and other applications, the effective 
sealing of leads is often a perplexing problem. The common 
methods employed using low vapor pressure waxes and resins, 
have the disadvantage of being clumsy and time consuming. 

While working with high vacuum systems requiring elec¬ 
trical leads it was found that metallic conductors imbedded 
in a rubber matrix could be used successfully for seats in the 
range 10"* to 10"^ mm* Designs similar to that shown in Fig. 1 
have proved most satisfactory. 

Various types of synthetic rubbers have been used, but it 
was noted that many of the compounding ingredients, such 
as carbon black, oils, and plasticizers in the rubbers contribute 
in making the elastomers gassy. 

Silicone and neoprene elastomers, when properly com¬ 
pounded with low vapor pressure materials, give good results 
but a butyl rubber GR-I was used because of its low permea¬ 
bility and good electrical properties. The following recipe, 
Table I, has been tried and found to function well and permit 

Table I. 


Butyl Rubber GR-I 

100.00 

Zinc Oxide 

5.00 

Stearic Add 

2.00 

^Ifur 

2.00 

Tuads 

1.00 

M.B.T. 

0.50 

Titanium Dioxide 

40.00 

Gaskets 

Vulcanized J5 in. at J00®F. 

150.50 


rapid evacuation of the system. 

Various designs have been used, hollow tubes, solid rods 
or flat metal strips have been employed as conductors, but 
the gasket most often used has been of the type shown in Fig. 1. 



Fic. u 


The gaeket is a flat rubber ring (A), with the dimeiwions 
gorvemA by the application, i.e., the I.D. of the bell jar 6r 
flange el the tube. Any metal may be used as the conductor 
(C) Init aHveft or nickel ribbons or tubing plated with 


brass have been found to give best adhesion to the rubber. 
The total thickness (T) is sufficient to give approximately 
in. on the top and bottom of the metal. The width {W) 
is usually i to 1 in. 

The gasket is vulcanized in a mold with the metal inserts In 
place. Adhesion is obtained to the metal by the usual methods 
common in the rubber industry utilizing commercial adhesive 
cements such as Ty-Ply Reanitc or Cycle-Weld. 

Gaskets of this design with as many as eight conductors 
imbedded in the vulcanized rubber have been successfully 
used for a period of nine months. 


Measiirement of the Thickness of 
Thin Nylon Films 

A. I. McPherson and D. G. Douotj^s 
McGill Vniversiiy . Montrgal 
April 4, 1949 

A n optical method of measuring the thickness, and from 
it the mass per unit area, of thin mica windows has 
recently been described in this journal.* This method however 
is not applicable to the ver>' thin windows currently being 
used in most beta-ray spectrometers. For these an optical 
method is especially desirable since a small window is too 
light to be weighed with acceptable precision on an ordinary 
chemical balance. Furthermore, if the film is removed from its 
supporting frame for weighing or testing, cementing it in 
place becomes much more difficult. 

We have recently made some thin nylon films for use as 
windows for a Geiger counter, following rather closely the 
method of Brown, Felber, Richards, and ^xon.* It has proved 
convenient to pick up the films on a frame cut from mica, as 
many as 8 layers being picked up on one frame to build up any 
desired thickness. 

We have found it possible to measure the thickness of these 
thin films quickly with a Michelson interferometer set for 
white-light fringes, and showing fringes from yellow sodium 
light at the same time. The film on its frame was introduced 
into one arm of the interferometer, and the amount of dis¬ 
placement of the central black fringe was measured. 

For example, for two circular films 1.5 cm across, made up 
of 6 and 8 layers respectively, the displacement of the dark 
fringe was 0.8 fringe-width and 1.2 fringe-width. This cor¬ 
responds to an increase of optical path n\^2t Oi*l) and 
thus is equal to 0.8X and 1.2X where X is the effective wave¬ 
length of the light used, t the thickness and fx the refractive 
index of the nylon film. The refractive index n was found to 
be between 1.50 and 1.62, as determined from Brewster's 
angle for the film for sodium yellow light measured with a 
spectrometer and Nicol prism. The thickness of these films is 
thus determined within about 10 percent, being between 
0.38 and 0.47 micron for one, and between 0.57 and 0.71 
microns for the other* (Since our mean value n^\,S6 agrees 
well with the mean value m“1,55 for nylon fibres kindly 
furnished by Dr. R. D, Bennett of the Nylon Division, Cana¬ 
dian Industries Limited, the accuracy obtained by using the 
mean is probably very much better than 10 percent. 

The density of the nylon chips from which the thin films 
were made was found to be 1.10 gm per cm* by weighing 
in air and in water; assuming the same density for the films 
and the chips this gives for the two films discussed, masses 
between 0.042 and 0.052 mg per cm*, and 0.063 and 0.078 
mg per cm*, or using the mean value of ju»>1.56, masses of 
0.046 and 0.069 mg per cm*. 

This method of measurement of thickness is quick, and 
its accuracy is satisfactory for the purpose, espectally for 
comparing one film with another, and also for examining a 
film for uniformity of thickness and constitution in terms of 
the distortion it induces in the fringe pattern. Our films are 
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uaiform over their entire area to better than one-twentieth of 
a fringe-width. Since the hims are measured and examined on 
the mica frames on which they are formed, it is ^ssible to 
select a film suitable for the particular purpose considered. 

> F. W. Brown, III and A. B. Willoughby. Rev. Sci. Iiwt Ift, 820 (1948). 

* Brown, Felbcr, Richards, and Saxon, Rev. Sci. Inst. 19, 818 (1948). 


Ultimate Vacua of Diffusion Pumps 

G. W. Sears* 

General lUectric Company , Schenectady , New York 
February 25. 1949 

A ny evacuated system represents a balancing of rates of 
evolution and rates of removal of gases to give a steady 
state pressure characteristic of this balance. Any arbitrary 
distinction between static and dynamic vacuum systems tends 
to obscure,the utility of this principle for static systems. 

In at least one important instance the elementary procedure 
of material balancing appears to have been over-looked. A 
typical curve of pumping speed vs, log pressure for a diffusion 
pump is shown in Fig. 1, curve A, in accordance with Dayton.* 
It will be noted that the pumping speed slowly rises to a 
plateau value with decreasing pressure. It then remains con¬ 
stant over a long range of pressure and falls rather rapidly to 
2cro at the ultimate or limiting pressure of the pump. 

For clarity a brief description of a pumping speed determina¬ 
tion is given^ Gas is admitted to the high vacuum side of a 
diffusion pump at a measured rate (volume/time), a meas¬ 
ured pressure, and a known temperature. The steady state 
pressure at the throat of the pump is measured and the tem¬ 
perature of the dewing gas is assumed to be equal to the tem¬ 
perature of the admittance chamber. If 5* is the effective 
pumping speed at the throat of the pump (volume/time), Sm 
is the measured rate of introduction (volume/time), p is the 
admittance pressure, and P is the throat pressure, we write 

S*-^PSm/P, ( 1 ) 

The various factors which complicate the absolute measure¬ 
ment of pumping speed do not concern the present paper and 
will not be considered. 

This paper is concerned with the behavior of the pumping 
speed curve in the low pressure cut-off region. The operation, 
of a diffusion pump depends on gas molecules from the r^on 
being evacuated effusing into the directed vapor stream of the 
pump. Some of the directed momentum of the vapor molecules 
is imparted to the gas molecules. The vapor stream effectively 
exerts a pressure gradient on the gas causing it to flow through 
the pump. This process would seem to be independent of 
pressure once the pressure had been lowered by a backing 
pump to a value at which molecular flow or effusion could 
occur. It is indicated that the pumping speed should rise to a 
plateau value and remain there for all lower pressures. 

It is postulated that such is actually the case and that 
effective pumping speeds in the cut-off region are not true 



pumping speeds. This is explained on the basis that the rate of 
gas evolution by the pump becomes appreciable and even 
exceeds the measured rate of introduedon of gases into the 
vacuum during pumping speed measurements. 

If the ultimate pressure of a diffusion pump is Po, the true 
pumping speed is 5, and the mass rate of evolution of gases by 
the pump is ir, we may write 

P^M/RTmT ( 2 ) 

where M is the average molecular weight of the evolved gas, 
T is the absolute temperature of the evolved gas, and R is the 
gas constant. For pressures P, greater than Po, but still on 
the plateau, we write as a consequence of Eqs. (1) and (2) 

5*-5(l-Po/P). (3) 

Qualitatively thisequation describes the pumping speed cut-off 
curve at low pressures. It predicts a tow pressure limit for a 
diffusion pump as well as the plateau region. Figure I, shows 
the comparison between calculated effective pumping speed, 
curve At and measured effective pumping speed, curve B, 
The discrepancies between the precise contours of the two 
curves is explained in that the mass rate of gas evolution by 
the pump is dependent on previous history. Obviously, a 
pump that has operated for a short time will evolve more gases 
than one which has operated for a longer period. We would 
expect the ultimate pressure of a pump to decrease with 
operating time and to assymptotically approach a final value 
characteristic of the particular pump and pumping fluid. 

Experimentally the true pumping speed is the plateau 
value, and the rate of evolution of gas by the pump,ir, may 
be estimated from Eq. (1) using the experimentally determined 
cut-off pressure. It should be noted that ir includes not only gas 
evolution from the pump, but also non-measiired residual 
evolution from the system as well. By using a well outgassed 
glass system the contribution from the system can be made 
negligible. 

This immediately allows some valuable conclusions to be 
made concerning the design of vacuum systems for low ulti-. 
mate operating pressures. 

The gases evolved by a diffusion pump arise from two 
sources, decomposition of pumping fluid and outgassing of 
the pump and its contents during operation. The outgassing 
gases are undoubtedly most signitont at the start of pumping 
operations and become progressively less important as the 
pumping time increases. Decomposition gases are obviously 
not present in the case of mercury as a pump fluid. Of the 
organic and silicone pump fluids it would be expected that 
decomposition would occur to a markedly lesser degree for the 
latter. In the later stages of an evacuation operation the de¬ 
composition gases represent substantially all of the pump gas 
evolution and limit the ultimate pressure which may be 
reached,** 

Mercury offers the best properties for lowest ultimate 
pressures. It cannot decompose and only evolves adsorbed and 
dissolved gases. After prolonged operation the rate of gas 
evolution becomes very small. 

Equation (1) determining the ultimate vacuum of a diffusion 
pump contains a pumping speed factor. For a given amount of 
pumping fluid, the pump design having the greatest speed 
factor would give the lowest ultimate pressure. For a given 
pump the lowest boiler temperature compatible with the 
maximum attainable pumping speed would give the lowest 
ultimate pressure. 

Copley, Simpson, Tenney, and Phipps* have described a 
long divetgent nozzlt pump having a speed factor of 0.5 
theoretical. 5u^ a pump with a pumping speed of 50 litem/sec. 
is comparable in dimensions and volume of mercury to a two- 
stage diffusion pump with a pumfnng speed of 10 liters/sec. 
Siioe both pumps evolve gases at substantially the same mtes 
£q. (2) predicts that the UmitiiUK pressure of the spending 
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noxde pump ihould be lower by a factor of five than the 
limiting pressure of the two^stage pump. 

* Research AssocUte, General Electric Research Laboratory. 

«B. Da^on. Ind. Eng. Chem. 40. 79$ (1948). 

^ It It important to note that the rate of decomposition of a hot organic 
or silicone pump Buid is very sensitive to material it contacts. Metal sunaces 
would tend to catalyse the decomposition proceu. In the construction of 
metal pumps It would be expected that the low pressure characteristics 
might be markedly Improved by plating the inner pump surfaces with a 
metal catalytically inactive for tlie oil in question. 

* Copley, Simpson, Tenney, and Phipps, Rev. Sci. Inst. 6. 265 (1935). 


Device for Producing Rate>Proportional Damping 
Signal in Servo Systems 

L. W. Hrrscker 

The Dow Chemical Company, Midland, Michigan 
February 9. 1949 

C ONSIDERABLE trouble with the usual slide wire and 
commutator type d.c. generator methods of providing a 
damping signal was encountered in the operation of a double^ 
beam infra*red spectrometer.^ * The sliding contacts of both 
systems required very frequent servicing. 

Installation of the system shown schematically in Fig. 1 has 
proven to be a practical method of avoiding the uncertain 
prospect of finding a cure for the contact troubles. A variable 
air condenser is rotated through a maximum of approxi¬ 



mately 130 degrees by a gear pair coupling to the beam bal¬ 
ancing servo motor and generates a current proportional to 
the rate of change of angular position of the condenser. 

The circuit employed is a self biased tuned plate-tuned grid 
oscillator. The strength of oscillation and therefore the plate 
current of the tube is varied by changing the grid tank tuning 
with Cl which is the control element coupled to the balancing 
motor and has a range of 10- to 50-MMf linear with angular 
position. By operating in the proper portion of one side of the 
grid tank resonance curve a constant output current through* 
out the entire scale range is obtained for a fixed speed of peh 
tmvel. The voltage across Rx changes from 18 to 54 volts when 
tile recorder is^moved from one end of the scale to the other 


and a current of approximately five microamps flows in the 
servo amplifier input circuit at maximum pen speed of two 
seconds across the chart. The correct polarity for the re¬ 
quired counter e.m.f. for damping can be obtained by the 
choice of direction of rotation of Ci or by adjusting Ct and 
Cl to choose the side of resonance at which the grid is tank 
tuned. The amount of current can be adjusted by varying 
Cl or Li and Lj are broadcast receiver r.f. coils. Ci should 
have low friction bearings and preferably a pig-tall connection 
to the rotor. The connections to this condenser are made 
through a two-foot length of coaxial cable. 

The system has been in use several months and has required 
no further attention or adjustments since installation. 

tN. Wright and L. W. Heracher, J. Opt. Soc. Am. 37, 211 (1947). 

• Baird, O'Bryan, Ogden, and Lee, J. Opt. Soc. Am. 37, 754 (1947). 


New Instruments 


W. A. Wildhack: Anociate Editor 
in Charge of thii Section 

National Bureau of Standarda, Wathington, D. C. 

These descriptions are based on information supplied by the manufacturer, 
and in some eases from independent sources. The Review arramer no rr- 
sponsibility for their correctness. 

Interpolator for UHF The interpolating frequency 
Measurements standard is a precision interpo- 

lator for use with heterodyne 
frequency meters in making accurate frequency measurements 
at ultra high frequencies up to about 3000 megacycles. When 
used with such a frequency meter, whose accuracy is, at best, 
0.1 percent, the over-all accuracy of measurement is improved 
to about 0.001 percent (ten parts per million). 

The instrument provides a series of harmonics of a nominal 
1-megacycle signal, whose fundamental is adjustable over a 
range of 1 percent. At the 100th harmonic and above, there¬ 
fore, complete coverage from one harmonic to the next is ob¬ 
tained. Consequently, when a frequency lying between 100 
and 200 megacycles is measured aproximately on a frequency 
meter, it can be matched and determined accurately with the 
interpolating frequency standard. 

This instrument is designed particularly for use with the 
General Radio Company’s Type 720-A heterodyne frequency 
meter, which covers a fundamental range of 100 to 200 mega¬ 
cycles. Higher frequencies, up to 3000 megacycles, are meas¬ 
ured by using harmonics of the heterodyne frequency meter. 

An additional series of harmonics, based on a 0.1-mega¬ 
cycle fundamental, is also generated by the device, for use 
with the General Radio Type 620-A^heterodyne frequency 
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nseter* for measurements in the range between 10 and 300 
megacycles. ' 

The adjustable frequency generated by the interpolating 
frequency standard is determined primarily by a quaru- 
crystal oscillator. If increased accuracy is desired, the system 
can be standardized periodically in terms of standard-fre¬ 
quency radio transmissions from the National Bureau of 
Standards Station WWV,—General Radio Company, 27$ 
MdssachiiseUs Avenue, Cambridge 30, Massachusetts, 


Sky Coxapass The National Bureau of Stand¬ 

ards has developed a slcy com¬ 
pass which indicates the direction of flight from which, with 
other data, the position of aircraft can be determined. The 
sky compass is based on the investigations made by the late 
Dr. A. H. Pfund, of The Johns Hopkins University, and is an 
outgrowth of his twilight sextant. 

The Pfund sky compass, not to be confused with the sun 
compass, operates on the principle that the light of the sky 
during the day is partially plane polarized, the polarization 
being a maximum at right angles to the incident beam from 
the sun. The plane of polarization at any point in the sky thus 
contains both the observer and the sun. Establishment of this 
plane also gives direction since it points to {or away from) 
the sun. 

The principal advantage of the sky compass over the sun 
compass (which measures the direction of the sun directly) is 
its use during twilight, and when the sun is several degrees 
belpw the horizon, as well as when the region of the sky con¬ 
taining the sun is overcast, so long as there is a clear patch 
of sky overhead. The sky compass is thus of particular value 
when the sun compass and the sextant are not usable. Since 
the extent of polarization of the sky’s light is greatest at right 
angles to the incident beam of sunlight, the compass is most 
accurate in the polar regions, where it is also most useful, 
because of the long duration of twilight and the weakness and 
inaccuracy of the magnetic compass at high latitudes. 



Essentially, the sky compass consists of an analyzer for 
detenqining the pl^ne of pqlarizatioti of the light, an azimuth 
circle 0tt which the sun's oompu^ l^hiuth can be set, and a 
clock which drives a chosen mefence line in synchronization 


with the sun’s apparent motion, that is, one revolution in 24 
hours. For convenience in observing a portion of the sky 
around the zenith through the analyzer, t^ analyzed beam is 
turned from vertical to horizontal by means of a mirror. 

The analyzer consists of a circular sheet of polaroid and a 
star-shaped half-wave plate of cellophane placed over the 
center portion of the polaroid. As the compass is turned, the 
intensity of the light seen through the polaroid will change. 
If the light source is completely plane polarized, the intensity 
variation wilt include two maxinm and two minima (zero in¬ 
tensity) in one complete revolution, the maxima occurring in 
the plane of polarization, the minima, at right angles to it. 
In general, the sky light will be only partially polarized, so 
that the minimum intensity will not be zero. Even when the 
maximum is pronounced with respect to the minimum, it is 
difficult for the human eye to judge with much exactness when 
this maximum occurs. To facilitate accurate judgment, the 
half-wave plate is used to rotate the plane of polarization of 
the light by an angle which depends on the orientation of 
the plate’s “optical axis’* to the plane of polarization. When 
the optical axis of the half-wave plate is parallel to the plane 
of polarization, it does not rotate; when it is at right angles to 
it, the plane of polarization is rotated 180^, or effectively not 
at all. Thus, at four points in every revolution, when the op¬ 
tical axis is 0**, 90®, 180®, and 270®, the half-wave plate will not 
rotate the plane of polarization. 

Using this effect, together with that of the polaroid, a setting 
may be made by matching the intensities rather than by 
estimating maximum intensity. The light which has passed 
through the half-wave plate appears in the form of a star at 
the center of the field of view of the instrument, on the back¬ 
ground of the tight which has passed only through the polaroid. 
At four points in a complete revolution, as indicated above, the 
intensity in the two light paths will be the same, and the 
field will blend into a homogeneous whole. Two of these 
matches will be “dark,** the other two will be “light,** so that 
a light match determines the plane including the sun, and it 
is necessary to be able to distinguish only the general direc¬ 
tions “toward” and “away from” the sun. 

On the ground, an accuracy of 1® may be obtained in meas¬ 
uring the sun's direction. On an airplane, the accuracy is ex¬ 
pected to be somewhat less with the experimental model, 
because of such factors as difficulties in leveling. Both the 
accuracy and simplicity of use increase as either the north or 
south pole is approach^, because of the lower altitude of the 
sun and because the deviation of the sun's azimuth from that 
corresponding to local apparent time is negligible. The com¬ 
pass may be read when the sun is as much as 7® below the 
horizon, but accuracy drops quickly when clouds obscure the 
zenith.— National Bureau of Standards, Washinitan 25, 
D, C 


Projection Beta Model 701 portable pro* 

Oscilioscone jection oscilloscope, compact in 

^ size, produces a large-size pic¬ 

ture which can be viewed by a group of people. Important and 
obvious uses of this osdltoscope are in educational institu¬ 
tions, where it is desired to show oscillograms of various wave 
forms to groups of students. The trace on the screen is bright 
enough to be viewed in a normally lit classroom. The oscillo¬ 
scope can be used at seminars and lectures, for industrial 
monitoring, in experimental work, and whereW it is derired 
to display electrical wave forms to a group of people. 

The oscillogram presented on the screen is approxunately 
16 In. wide and 12 in. high. When folded» the cab&et is 13 In. 
wide, 16 in. high, and 19 in, deep. The screen upon wld^ ^ 
oscillogram is projected k oontaitiM inride the cabinet, when 
fended for carrying. The o6m|ifote unit weights approximately 
60 lb.; a carrying handle is provided. 
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The vertical amplifier response of the Model 701 PPO is 
good to 50 kc and usable to 100 kc. Horizontal sawtooth 
sweeps are good to 2 kc and usable to 5 kc. Vertical deflection 
sensitivity is approximately 60 mv (r.m.s.) per inch, or 0.6 v 
for full scale deflection; horizontal deflection sensitivity is 
0.65 V (r.m.s.) per in., or l.O v. full scale. 

The controls of the Model 701 PPO include on-off, inten¬ 
sity, focus, coarse and fine amplitude, sync amplitude, vertical 
and horizontal centering, vertical and horizontal gain, sweep 
selection (internal or external), and retrace blanking. Pro¬ 
visions arc made for external, 60-cycle, or internal sweep 
synchronization. The **Norelco** projection system is em¬ 
ployed.— Beta Electric Corporation, 1762 Third Avenue^ 
New York 29, New York. 


Sipud Gandrator Model 614A UHF signal 

generator is a new signal genera¬ 
tor for fast, direct readings between BOO and 2100 me. The 
new instrument does away with charts and interpolations, 
since readings are made direct in either microvolts or decibels. 



For ease of operation, carrier frequency is also set and read 
directly on a large central tuning dial. 

This signal generator has an Internal itqpedance of 50 ohms, 
and accuracy is :^1 decibel throughout the frequency range. 
R-f output ranges from 0.1 volt to 0.1 microvolt and may be 
continuous, pulsed, or frequency modulated at power supply 
frequency. The instrument can be modulated either exter¬ 
nally or internally and may be synchronized with positive or 
negative pulsM or sine waves. 

The -hp- Model 614A is designed for convenience in making 
the following measurements: receiver sensitivity and align¬ 
ment, signal-to-noise ratio, conversion gain, standing wave 
ratios, antenna gain, and transmission tine characteristics.— 
Hewlett-Packard Company, 395 Page MiU Road, Palo Alto, 
California. 


Recording System The AIL Type 373 rectangular 

coordinate recording system pro¬ 
vides, in Cartesian coordinates, an inked plot of voltage, or 
of the logarithm of voltage, as a function of the displacement 
angle of a measured element. Usable chart width is ten in., cor¬ 
responding to a voltage range of 10,000 to 1, or 80 db. Both 
pen and paper feed are servo controlled with chronograph 
paper feed optional. Maximum pen speed is 40 In. per sec., 
equivalent to 320 db per sec. At full scale expansion, the 
maximum paper feed rate is 10 in. per sec. 

The system finds application whenever it is desired to re¬ 
cord voltage as a function of time or an angle. It can be used 
for recording light intensities, sound pressures, and heat 
levels at writing rates higher than formerly available. As 
originally designed to plot logarithmically the held strength 
pattern of narrow beam radar antennas, the system consists 



of a selective amplifier, pen and paper servo amplifiers, a 
power supply, and the recorder. The system operates from 
115 volts, 60<ycle power, and can be supplied'in portable 
carrying cases or in standard rack and panel construction.— 
Airborne Instruments Laboratory, i60 Old Country Road, 
Mineola, New York. 


Slottod Lino snd FTL-30A slotted line Is 

Video Oscilloscope * precision device designed for 

making impedance and wave¬ 
length measurements in the range of 60 to 1000 me per sec. 
Measurements can also be made with somewhat slightly re¬ 
duced accuracy in the range between 1000 and 2000 me. It is 
a coaxial line 250 cm long having a surge impedance of 51.0 
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ohms+0.5 ohm. Fine design features and highly^ precise ma¬ 
chining and components used in the fabrication of the Hnci 
togetW with great structural rigidity, assure enduring 
accuracy. 



The FTL-32A oscilloscope enables the observation of wave 
forms having frequency components as high as 50 me per sec. 
and as low as 10 c.p.s. This wide band frequency response is 
obtained with sufficient amplification to provide deflection 
sensitivity of 0.1 peak to peak volts per inch. The horizontal 
ampltfler has a band width of 10 c.p.s. to 10 me. Both re|Mtt* 
tive and triggered sweeps are incorporated with time durations 
consistent with the 50-mc band width. Synchronization from 
either an internal or external source is independent of the 
synchronizing signal amplitude, provided a minimum of 0.1 v 
is exceeded. 



The oscilloscope is housed in*a castered console cabinet. 
The cabinet outline is such as* to provide convenient space to 
rest other instruments on the top surface, and a dhtwer which 
will accommodate all probes, accessories, and other small- 
laboratory instruments.— Fbdbiul TgtBcoiiMUKiCATicm Lag- 
mutOEiBs, Ikc., $00 WaskinztM iltwiie, NtUhy iO, Nm 


Electrontc Motor ^ simpUfled circuit for 

Co&trol stepless speed control of frac¬ 

tional horsepower motors makes 
possible an economical electronic control system without 
sacrificing desirable operating features. Operating from either 
a 110-v or 220-v (50Ah) c) a.c. power source, the power unit 
utilizes full-wave gaseous rectification to supply both the 
armature and field of a specially designed, ball bearing, d.c. 
motor. The magnitude of the voltage furnished to the arma¬ 
ture is controlled by an electrical **brain'* which reacts to 
change in motor load or upon instructions from the operator. 



The control unit, which can be at a considerable distance 
from either the motor or power unit, permits the selection of 
any desired speed over a range greater than 20 to 1 (80 r.p.m. 
to 1800 r.p.m. standard, other speed ranges available). The 
selected speed is maintained substantially constant from no 
load to full load. An **idle’* switch on the control unit is used 
to start or stop the motor without changing the speed setting. 

Reversing control units are available at small addidonal 
cost. The specially designed motor in connection with dy¬ 
namic braking permits applications incorporating the re¬ 
versing feature to achieve full speed reversals within one 
second. 

Two models are available which include various type motors 
up to and including | hp. Most types are available for im¬ 
mediate delivery from stock.— ^Servo-Tek Products Com¬ 
pany, 4 Godwin Avenue, Paterson i. New Jersey. 


Type 410-XS vibration inte¬ 
grator, and Type 410-X6 cali¬ 
brated vibration pick-up, enable 
convenient measurement of vibration displacement, velocity. 


Vibratioii 

MeaBurementfl 
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and acceleration in the audio frequency range. Theee instru¬ 
ments were designed for use with the Type 410-A sound level 
meter. 

With Types 410-X5 and 410-X6, displacement can be 
measured from 0.14^ in. to 0.028 in.; velocity from 51.3^ in. 
per sec, to 10.3 in, per sec.; and acceleration from 0.15 in. 
per sec. per sec. to 3900 in. per sec. per sec. over a frequency 
range of 25 to 3000 c. Response is flat from 60 to 1000 c. 

Easy operation requires only that the Type 410-X5 vibra¬ 
tion integrator be inserted in place of the microphone on the 
sound level meter. Small size enables the vibration pick-up to 
be held in one hand while readings are taken from the sound 
level meter held in the other hand. A tripod is available for 
fixed positioning of the sound level meter, and a table is pro¬ 
vided for converting decibels to units of displacement, ve¬ 
locity, and acceleration.— Hermon Hosmer Scott, Inc., 
385 Putnam Avenue^ Cambridge 39, Massachusetts, 


Viscosiniet6r The Texaco viscosimeter is an 

instrument available for the 
study of plastic fluids and thixotropic suspensions. Applica¬ 
tions are suggested in laboratories dealing with the study of 
non-Newtonian fluids, such as drilling muds, cement, concrete, 
adhesives, asphalt, paint, plastics, ceramics, and certain food 
products. 



The viscosimeter is designed to accommodate either the 
specially designed laminar cup and rotor, or a standard 
Stormer cup and rotor, for making comparative Stormer 
readings. A synchronous motor drives the r^r through a 
geared shaft system and a five-speed transmission, with no 
clutches to slip. Rotor speeds of 100, 225, 400, 600, and 900 
r.p.m. are prodded. A stroboscopic arrangement on the shaft 
provides a convenient check op the synchronization of the 
motor. 

The sample cup and water bath rest on the torsion table. 
Thue, the torque of the rotor is transmitted through the sample 
direedy to the torsion table, in proportion to the viscosity of 
the sample. The table is free to rotate through about 150^ ahd 
the deflection is indicated on a dial mounted on the table. 

The tmdon table hangs suspended by a heat-treat^ 
tor siofi wire. This torrion wire is secured in 


a vernier-calibrated torsion head at the top of the instrument. 
Another wire from the under side of the table provides for 
proper tension on the torsion wire and centering of the table. 

By rotating the torsion head, the table may be returned to 
zero deflection. This eliminates any torque effect from the 
lower wire and increases the deflection range to the elastic 
limit of the torsion wire. The correct deflection may then be 
read very accurately from the vernier scale of the torsion head. 

By proper selection of motor sizes, gear ratios, and torsion 
wires, great flexibility of operation is available.— South¬ 
western Industrial Electronic Company, 2831 Post Oak 
Road, Houston 19, Texas, 


Miniature design possibilities are 

created by the introduction of 
the new Metron miniature vari¬ 
able-ratio speed changer, which 
weighs less than 6 oz. It can deliver up to VO-oz.-in. torque and 
0.025 hp, Possible applications include business machines, 
recorders, controllers, computers, indicating mechanisms, and 
similar devices. 

The ratio of input to output speeds is infinitely adjustable 
between 1:6 increase and 6:1 decrease, with a total speed 
range of 36 to 1. A dial and pointer indicate ratio setting, and 
the adjusting knob is equipped with friction drag to prevent 
ratio wander. Efficiency, speed regulation, and no-load loss 
characteristics are good. Maximum output torque is obtain¬ 
able at zero speed, and operating speeds as high as 20,000 
r.p.m. are practical. 

Internal construction employs rollers contacting disks on 
input and output shafts. Speed is adjusted by changing the 
radius at which the rollers make contact. Novel **lock-up’* 
devices are provided to increase contact pressure auto¬ 
matically when the load torque is increased, insuring high 
maximum output torque, minimum reduction in speed with 
increased load, and at the same time providing tow loss when 
lightly loaded. Other design features are ballbearings on all 
rotating parts, permanent lubrication, overload protection, 
and sealed construction. 


Adjustable«Speed 

Drive 



This variable unit complements the Metron fixed-ratio 
speed changer, having the same body diameter, mounting foot, 
and shaft height atmve the mounting surface. As a result, 
fixed-ratio gear sections can be supplied integral with t^ 
variable-ratio unit to obtain any nominal output speed range, 
and the unit can be driven by any speed motor without loss in 
horsepower rating.— Metron Instrument Company, 432 
Lincoln Stroet, Dmoer 9, Colorado. 
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SendtiTe Int^ntor A new industrial integrator, 

Model 808, provides means for 
simple and effective integration of d.c. potentials or currents 
with respect to time. Fundamental elements of the integrator 
are the Weston Model 806 integrating relay, an electronic 
relay circuit with associated sealed reed type relays, and a 
counting mechanism. The Model 806 is the primary element, 
operating the relay circuit to initiate an oscillatory action, the 
frequency of which is proportional to the input. The counter 
totalizes the number of cycles to provide a running time- 
integral of the input. 

The unusual sensitivity of the Model 808 integrator makes 
it ideal for applications in light integration (using a photronic 
photo-electric cell) totalizing the amount of light, d.c. ampere- 
hour integration from low potential shunts, watt-hour integra¬ 
tion using thermal converters, total radiation integration using 
thermopiles, integration of nuclear radiation (in combination 
with Geiger counters or ionization chambers), and integration 
of quantities measured by changes in transmitted light. 

The unit is chassis mounted and enclosed in a cast aluminum 
weatherproof case. Unlimited service life may be expected, 
according to the manufacturer, with routine vacuum tube 



replacements only at about 2000 service hour intervab**** 
Weston Elbctrical Instrument Corporation, 617 
huysen Avenue, Newark S, New Jersey, 


Phase Meter Type 320-A phase meter makes 

possible the measurement of 
phase difference between two voltages at audio- and super¬ 
sonic frequencies, essentially independent of voltage ampli¬ 
tude, frequency, and wave shape. Direct readings of phase 
angle are indicated on' a panel-mounted meter having four 
full-scale ranges of 360®, 180®, 90®, and 36®. 180® phase-revers¬ 
ing switches are provided for each channel, so that the 
expanded 90® scale may be moved to any of the four quad¬ 
rants. 



In the phase meter, the two signals being compared are 
converted into two trains of short pulses, which occur at the 
zero-axis crossings of the respective signals. The time dis¬ 
placement between corresponding pulses of the two pulse 
(rains is indicative of the phase angle between the two signals. 
'Fhc pulse trains are fed into a “flip-flop*^ circuit, which 
measures the ratio of time displacement to the pulse repetition 
period. For a given phase angle, this ratio is independent of 
frequency. 

The frequency range of the phase meter is 20 c.p.s. to 100 
kc. Sufficient meter damping is provided to permit satis¬ 
factory use of the instrument at frequencies as low as 2 to 5 
c.p.s. With the 180® phase-reversing switches in the same cor¬ 
responding positions, and over the frequency range 20 c.p.s. 
to 100 kc, accuracy is within 2 percent of full scale, or 3,S®, 
whichever is larger. 

Terminals for connecting a recorder are provided at the 
back of the instrument. The power consumption is approxi¬ 
mately 100 watts, 105-125 volts, 5(Mi0 c.p.8.— ^Technoloov 
Instrument Corporation, 1058 Main ^reet, Waltham 54, 
Massachusetts, 


Manufacturers’ Literature 

Laboraloty B^pment— No.49 3 34, 16-page Annauncar^ 
contains an article ‘The evolution of modem glasses** and 
information on new laboratory equipment.— Geo. T. Walker 
AND Company, 324 F^ih Aaenm Saulk, Minnaapdts, Minna- 
sota; Burrell Technical Supply Company, 1942 
Avenue, PUtsburgh 19, Penns^vania; Ebbrbacb and Son 
Company, 200 East Liberty Street, Ann Arbor, Michigan. 

InatmmeatatkttMSiNt^ publication, Vol, 3, No. 6, 32 
pages, contains articles on measurement and control in in- 
dustrht) prooesses and an artide on electrolytic conductivity.^ 
MlNNEAFOLlS-HONEVWSLt REGULATOR COMPANY^ BROerN 
Instruments Diviuon, Wayne and ReberU Amni$f PiSa- 
iSfkia 44f Penmytvania. 
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—Reticle Production ia a technical bulletin de- 
acribing the new photographic, mechanical, and high vacuum 
techniquee employed in producing precise reference lines in 
the focal planes of optical systems.— W, and L. £. Gurley, 
rrt>y, Nm Ksf*. 

liquid Level Traaamitter—Bulletin 9S669, 4 pages, explains 
operating principle, design features, and gives application 
dmwtngs of Taylor force-balance liquid level transmitter.— 
Taylor Instrument Companies, Rochester 7, New York. 

Altimeter—Publication No. T.P. 24A, 4 pages, describes 
sensitive altimeters designed for quick, accurate results in 
such applications as aerial surveys, topographic mapping, 
gravity meter surveys, and profiles for highway locations.— 
Wallace and Tibrnan Products, Inc., BeUeviUe 9, New 
Jersey. 

Traeerlog—No. 17, 12 pages, features a 7-page article on 
radioautography.— Tracerlab, Inc., 55 (Hiver Street^ Boston 
10, Massachusetts. 

Radioactivity—New 36-page catalog of instrumentation for 
radioactivity.— Nuclear Instrument and Chemical Cor¬ 
poration, ZZ3 West Erie Street, Chicago 10, lUiuois. 

Nuclear Research—Brochures describe two new scalers, 
Model 2000 automatic scaler and Model lOOOB scaler.— 
Berkeley Scientific Company, Sixth and Nevin Avenue, 
Richmond^ California, 

Vacuum Tubes and Applicatiofts~*App!ication notes AN-139, 
8 pages, ‘^Characteristics of pentodes and triodes in mixer 
service.** Application notes AN-138,4 pages, “Mixer-oscillator 
circuit for f-m and a-m RCA-6J6 or RCA-19J6.** Booklet 
CTV-1004, 32 pages, “RCA television components for kine¬ 
scope RCA-16AP4.** Technical bulletins on the following: 
RCA-715-C pulse amplifier tetrode, RCA-S82S half-wave 
rectifier tube, RCA4-6SA VHP power tetrode, RCA-16AP4 
16-inch “metal*’ picture tube, RCA-5763 VHP beam power 
amplifier, RCA-3RP1 3-inch oscillograph tube, RCA-12S8-GT 
triple diodc—high mu-triode, RCA-5794 fixed-tuned oscillator 
triode for radiosonde service at 1680 me, RCA-408S3 8-inch 
PM Speaker.— Tube Department, Radio Corporation of 
America, Harrison, New Jersey. 

The Ciqmcitor—Vol. 14, No. 4, 16 pages, contains an 
article on simple methods of measuring inductance of air-core 
and powdered iron-core coils.— Cornell-Dubilier Elec¬ 
tric Corporation, Hamilton Boulevard, South Plainfield, 
New Jersey. 

Thin RMietori—Bulletin 138 describes new, wire-wound, 
vitreous-enameled thin-type resistors. Dimensional drawings 
of resistors and a table of values of resistance are given.— 
Ormits Manufacturing Company, 4835 Flournoy Street, 
Ckkago 44, Illinois. 

Motaf—Bulletin No. 49-A describes twenty models of 
hyiteresis type fractional hp motors available in one-, two-, 
and three-speed units.-—E lectric Indicator Company, 
Stanford, Connecticut. 

Tentpefitttie^tnpe&BRted Reliy—Application notes No. 3 
give complete description and listing of a new temperature- 
compensated relay, for operation at constant voltaj^ regai^- 
less of temperature or at decreasing voltage with increasing 
tmperatuie«--SxGMA Instruments, Inc., 45 Cry/ew Street, 
Bodon, Mussodsus^. 


Reflectoitge—Bulletin 3700 describes theory and genml 
application of the Sperry Reflectogage to non-destnictive 
measurements of plate and sheet stock, tanks, pipe, etc.— 
Sperry Products, Inc., Danbury, Connecticut. 

Rectifiers—^Rectifier News, A new 4-page periodical will 
feature technical articles and circuits concerning new develop- 
ments in dry-plate rectifiers. Subscriptions available without 
charge if requested on company stationery.— International 
Rectifier Corporation, 6809 South Victoria Avenue, Los 
Angeles 43, California. 

Nickel Alloys—Technical bulletin T-3, 44 pages, discusses 
the resistance of high nickel alloys to corrosion by sulfuric 
acid. The bulletin contains tables, charts, and photographs, in 
addition to text material covering over 30 various nickel¬ 
bearing materials.— The International Nickel Company, 
Inc., 67 Wall Street, New York 5, New York. 
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Poffest K. Harrta; Anociatc IBditor 
in Charge of this Section 

Netionsl Bureau of Standarde, Washington, D. C. 

Industrial MUmer 1, copper-8-quinoImo- 

Prsfiarvative capable of protecting a 

wide variety of industrial ptwl- 
ucts from degradation by microorganisms. It is claimed by the 
manufacturer to be one of the most powerful rot and mildew 
preventatives known; virtually non-toxic to man, it does not 
irritate or sensitize the skin and is not decomposed or de¬ 
activated by ultraviolet light. It is also heat stable, resists 
leaching, and is not lost to the atmosphere. A 15-page bulletin 
has been prepared by the manufacturer on the basis of ex¬ 
tensive laboratory and field experience, giving a description 
of the material, and methods of formulation and application 
to protect textiles, plastic-coated fabrics, protective coatings, 
and other products. 

Although it is extremely difficult to remove MUmer I from 
textiles, present knowledge does not indicate that it forms a 
chemical bond with cellulose or other fibers on which it is 
used. Since long term protection depends on its retention in 
the fabric, the carrier or resin finish which bonds the pre¬ 
servative to the cloth fibers must be of a permanent nature. 
In paints and plastic coatings the material to be preserved 
acts as its own bonding agent. In soft textiles, however, it 
must be bound by a carrier or a textile finish. The permanence 
of the protection depends largely on the permanence of the 
vehicle that holds it in the fabric. Beyond this the only critical 
point is adequate concentration of the preservative in the 
finished fabric. In most cases, a concentration of approxi¬ 
mately 1 percent by weight is recommended and gives a rea¬ 
sonable safety factor to assure adequate protection over long 
periods of severe exposure. In plastic-coated fabrics it hat a 
dual protective role. It must not only protect the base fabric, 
but also prevent the growth of fungi on the plastic 
which may contain plasticisers or other nutrient materials of 
animal or vegetable origin. Commercial paints, lacquers, or 
varnishes may themselves be nutrients for microorganisms or 
they may be applied to materials which are susceprible to 
attack. Where film clarity or color is not of primary tm* 
portance, Milmer I may be added as a plgmenti tpBdal 
formulations must be us^, however, for films. Asphalt 
used for impregnating oottem in the manufacture of wire and 
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cable insulation has been found to be very susceptible to 
attack by microorganisms but is completely prote6t<^ by the 
addition of 1 percent of the preservative. In this connection 
it is interesting to note that recent tests indicate that meas¬ 
urable increases in conductivity in plastic insulation can be 
traced to fungus growth on the surface. This increased con¬ 
ductivity is assumed to be due to the hygroscopic nature of 
the fungal growth which causes the insulating material to 
absorb excessive moisture. The use of a fungicide in the for¬ 
mulation of extruded plastic insulation shows promise of 
cutting down these losses.— Monsanto Chemical Company, 
5L Louis 4t Missouri. 

Felt Gaskets Chrome-Lock is a specially 

compounded felt, containing zinc 
chromate as a corrosion inhibitor, designed for protective 
gasketing or sealing-in flanged, lapped, or butted joints. Under 
bolted, screwed, or nailed pressure the resins traverse within 
the felt and are extruded onto the faying surfaces sufficiently 
to form a positive dam. The resultant seal will exclude or re¬ 
tain air, water, dust, and other materials. It has a pressure- 
sensitive backing, making it simple to apply even on vertical 
or inverted surfaces. It is stated to remain pliable indefinitely, 
and to resist permanent distortion (75-100 percent recovery 
after pressure release) insuring stability in storage and un¬ 
limited service life. Under bolted pressure it fills in surface 
irregularities in the joint as well as in and around bolt and 
rivet holes, reducing or eliminating the need for expensive 
machining. Its compressibility and laminating quality permit 
low bolt pressures and, consequently, light flanges. The resins 
extruded on the joint facings hold the metal in a passive 
state, preventing rust in new installations, arresting it in old 
installations and inhibiting electrolytic action between dis¬ 
similar metals. Its continued pliability and cushioning quali¬ 
ties provide protection against vibration and mechanical 
shock, and its use is suggested by the manufacturer for new 
or replacement gasketing in electrical instruments. It Is avail¬ 
able in thicknesses from to J inch and in widths from A to 
72 inches. Where non-flammable installations are required, 
Chrome-Lock Type N may be specified. Samples and Engineer¬ 
ing Folder PRC-1021 may be obtained from the manu¬ 
facturer.— Products Research Company, 54Z6 San Fernando 
Road, Glendale, California. 

Protective Coating Metedast, based on vinyl and 

for Metala other resins, is a protective coat¬ 

ing applicable to any metal and 
is designed to prevent corrosion, fouling, and abrasion. It 
can be applied at any temperature between 5®F and 90*F, 
dries in less than 20 minutes, and is unaffected by tempera¬ 
tures up to 200®F. It is stated to be characterized by extreme 
chemical inertness, excellent toughness and flexibility, good 
clarity, non-flammahility, and high resistance to aging and 
weat^ring.— C. A. Woolsey Paint and Color Company, 
ZZ9 East 4Z Street, New York, New York. 

Kylon Anode Bags Nylon bags have" been de¬ 
veloped for covering nickel, 
copper, silver, zinc, and other metal anodes used in electro¬ 
plating solutions. They are stated to be over SO percent 
stronger than comparable cotton bags and to retain their 
strength in acid or alkaline solutions at temperatures up to 
1S0*F. For example, in a bright nickel-plating solution operat¬ 
ing at a pH of 3.5, no measurable change in fear or bursting 
strength could be determined after 2 months immersion. The 


bags are usually supplied 4 inches longer than the anode to 
allow for sludge accumulation and are provided with a nylon 
draw cord. Their cost is stated to be less than, or equal to, 
comparable cotton bags.— Enthoke, Inc., 44Z Elm Street, 
New Haven, Connecticut. 

New Nickel Alloys Recent alloys, developed pri¬ 
marily for electronic applica¬ 
tions, include 4 which are essentially pure nickel. These are 
designated as 220, 224, 225, and 230 nickel. Principal applica¬ 
tions are for cathodes, anodes, and other structural parts of 
vacuum tubes, furnace lead-in wires, support wires in incan¬ 
descent lamps, etc. Monel 3Z6 represents a slight variation 
from conventional monel to make it non-magnetic. Its prin¬ 
cipal uses are for cable shielding, mass-spectrometer parts, 
structural parts of cathode-ray tube guns and vacuum tubes, 
and compressed knit mesh for shielding gaskets.— Inter¬ 
national Nickel Company, 67 Wall Street, New York 5, 
New York. 

Strong lAmitUltO Formica RN-JO is a new lami¬ 

nate reported to have greater 
and more uniform strength, to machine better, and to have 
a smoother finish and better electrical properties than fabric- 
based laminated plastics now in common use for cams, pinions, 
gears, bearings, and similar applications. Woven, fabric-base 
laminates which are widely used in mechanical and electrical 
applications have a definite weakness; although they have 
go^ strength parallel to the weave in both directions, they 
have poor strength diagonally. The new laminate has uniform 
strength in all directions, due to the matted, unwoven cotton 
fibers distributed evenly throughout. Parts made from it 
wear more evenly because of its uniformity. The smooth finish 
sometimes required In special applications, and previously 
obtainable only in premium linen grades, is now available in 
this laminate at lower cost. It is stated to be smoother in 
texture than even the fine-weave linen laminates.— The 
Formica Company, Cincinnati 3Z, Ohio. 

FUmtic Field Lens The Kodak Ektalite Field Lens 

is a thin flat plastic lens whose 
surface is molded into a series of concentric grooves which 
refract light in the same manner as the unbroken curve of a 
glass lens. Its weight is about 10 percent of that of a com¬ 
parable glass lens of conventional shape and it can be pro¬ 
duced far more cheaply. While it is not a precision lens, it is 
expected to find applications as a television magnifier, inspec¬ 
tion lens, etc. It is already used in the viewing system of the 
**Kodak Reflex 11" camera and in the "Kodaslide" viewer. 
Its advantages are not limited to the fact that it can duplicate 
the performance of a conventional lens; its lightness makes 
possible lenses of large area which could not be made econom¬ 
ically by conventional means. Furthermore, spherical aberra¬ 
tion, common to rimple lenses, is almost eliminated by the 
thinness of the plastic lens. It is produced by molding flat 
sheet stock in a brass mold. The manner of forming the ridges 
in cutting the mold determines the characteristics of the lens. 
There are over 200 ridges to the inch, reproducing the curva¬ 
ture of segments of a conventional lens. Near the edge the 
groove faces are inclined at a rather steep angle and they be¬ 
come flatter as the center of the lens is approached. Light 
entering through the back of the lens passes out through the 
arc-sided grooves and is refracted just as it would be in a 
conventional lens.—ExsTMAN Kodak Company, Rochester 4, 
New York. 
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A Direct Reading Pulse Length Meter and Shape Analyzer 

Robert Rijdin* 
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An electronic circuit is described which allows determination of the length and shape of a voltage or 
current pulse in the microsecond range, by measuring the pulse duration at different levels of the 
pulsi* and reading these figures directly on a meter. Comparison with other measuring methods shows 
gcKxl agreement of the results. 


T he instrument described in this article was 
designed to measure the duration of repeated 
current or voltage pulses and to determine the form 
of the pulse by measuring the width at different 
heights. These measurements are especially im¬ 
portant in studying the operation of pulsed devices 
of which the magnetron is an example, and in the 
accurate investigation of modulators for producing 
the pulses* 

The cathode-ray oscilloscope is generally used for 
the analysis of the pulses in electronic circuits. 
Although the shape of the pulse can obviously be 
observed in great detail, precise quantitative meas¬ 
urements are difficult and of limited accuracy, 
largely because of difficulties related to the sweep 
circuit. This is especially true when delay net¬ 
works must be introduced. A calculation of the 
pulse length, for instance, at the average pulse 
height can be made by measuring the recurrence 
frequency, the average current and the peak cur¬ 
rent; but this latter measurement is difficult and 
may be unreliable unless special arrangements are 
used and all sources of error have been carefully 
eliminated. The circuit described below has there¬ 
fore been developed in an effort to determine pulse 
shapes and dimensions independently of the os¬ 
cilloscope. 

In order to explain how the circuit works, let us 
first consider a simplified circuit which would meas¬ 
ure the duration of a strictly rectangular pulse, as 
indicated in the schematic diagram Fig. 1. 

* Present address: Ph^ics Department of Columbia Uni¬ 
versity, New York 27, New York. 


THE BASIC CIRCUIT 

The current pulse is carried through a resistor 
Rq and the voltage developed by the drop is applied 
to the control grid of V\ which is normally conduct¬ 
ing, but is biased beyond cut-off by the pulse. If 
the voltage of the pulse is appreciably higher than 
the voltage required for cut-off, the time during 
which Vi ivS nonconducting will depend only on the 
duration of the pulse and not on its height. The 
plate current of Vu in flowing through Ru biases 
V% beyond cut-off so that will conduct only 
during pulses. In flowing through Rl, the plate 
current of V 2 thus producCvS at the plate of Vt a 
negative voltage pulse whose amplitude is deter¬ 
mined by the constants of V% and the circuit ele¬ 
ments, and whose duration is equal to that of the 
pulse through i?o. 

These constant voltage pulses pass through Ci, 
i ?3 and the diode Vz and charge the combination 
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C%-R which has a time constant of approximately 
O.S second, to an average voltage which depends 
only on the time for which Vt conducts. A fraction 
of this voltage is applied to the grid of the meter 
tube F4, reducing the plate current with increasing 
voltage across C2, so that the reading of the meter 
M will depend on the number of coulombs delivered 
to C% through the diode and the rate of discharge 
through R, This circuit therefore gives a meter 
reading depending on the product of pulse length 
and recurrence frequency. A direct calibration of 
the meter in pulse length is possible only when the 
recurrence frequency is known. As it was desirable 
that the instrument read pulse duration directly 
and that the reading be independent of recurrence 
frequency, a constant “locar* recurrence frequency 
of pulses reaching is introduced. This is accom¬ 
plished by a selection of pulses, passing only a 
predetermined number of pulses per second through 
the measuring channel. 

THE PULSE SELECTOR 

The plate of a thyratron Ffi is connected, through 
a resistor to the plate of V\, The cathode is 
biased to a positive potential of about 20F through 
Ri and i?a so that no plate current flows. The grid 
is connected to the pulse input through a differenti¬ 
ating circuit Csi?6 having a time constant short in 
relation to the pulse to be measured. When a 
negative pulse is applied to the input, a negative 
charge appears at the left plate of C3 and reaches 
the grid of Fs without any effect on F« other than 
to drive the grid further negative with respect to 
the cathode. But at the decay of the pulse, the 
negative charge of the left plate disappears, freeing 
the charge of the right plate, so that a positve volt¬ 
age impulse appears at the grid, firing the thyra¬ 


tron. Fs remains conducting even after the positive 
impulse to the grid disappears. Since its anode 
voltage is supplied through R% and Ru a current 
sufficient to cut off Fa will flow through JRi, even 
when Fi is biased beyond cut-off. Thus C% will be 
given no additional charge, because subsequent 
pulses will not cause Fa to conduct until the thyra¬ 
tron is extinguished by external means. For this 
purpose, a relay Ki is connected across Ft, closing 
its contact in regular intervals, e.g., at the fre¬ 
quency of the power supply, i.e., 60 times per 
second. At the closing of the contact, the current 
through J?j is actually slightly increased but F* is 
extinguished so that when the contact of Ki opens, 
no plate current will flow through Ft until the next 
pulse arrives and, at its decay, fires F& again through 
CiR^. The action is repeated after every contact of 
Ki and as that contact opens the next pulse passes 
through Fi, Fa,' Fa, applies a certain charge to Ca 
and at its decay fires Vh so that subsequent pulses 
will not pass through Fa. 

As the relay closes its contact for about half the 
time, it remains open for about 1/120 second and 
when the recurrence rate of the pulses to be ana¬ 
lyzed is higher than 120 per second, one pulse will 
pass at every opening of the relay. The recurrence 
frequency of pulses arriving at Fa is therefore 60 
per second, independent of the actual recurrence 
frequency. (Where the electrostatic field of a pulse 
can be strong enough to ionize the gas of the 
thyratron, shielding must be used in order to insure 
correct and stable operation.) 

Figure 2 shows diagrammatically the interaction 
of the different elements. The original pulses, 
shown in the first line, cause corresponding cut¬ 
offs of Fi (second line) and, without any selection, 
would result in plate current pulses of Fa as shown 
in the third line. The fourth line shows the voltages 
appearing at the grid of the thyratron as a result 
of the differentiating elements CzR^. The fifth line 
symbolizes the opening and closing of Kv 

At the beginning of the diagram, Ki is closed and 
the thyratron remains extinguished, even during 
the first pulse. But at the time of the second pulse, 
K\ has already opened and, as shown in the seventh 
line, the current through jf?i has assumed the nor¬ 
mal value, as in the second line. This second pulse 
cuts off Fi and opens Fa so that a pulse passes 
through Cl, Fs. etc. At the decay of each incoming 
pulse, a positive voltage appears at the grid of the 
thyratron and fires it. The plate current starts flow¬ 
ing and reaches its full value after a short delay in the 
microsecond range (ionization time of the thyra¬ 
tron), as indicated in the diagram. The seventh 
line shows that the plate currents of Fi and F* add 
through Ri, so that subsequent pulses will not 
allow Fa to conduct. With the next closing of if i 
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the situation remains nearly unchanged, the cur¬ 
rent through Ki substituting for the plate current 
of r®. The opening of Ki causes the circuit to be 
ready for the next pulse to pass through and to 
carry a certain charge into C2 as indicated in the 
last line, 

THE BIASING CIRCUIT 

While the ( ircuit as described above is suitable 
for measuring the width of rectangular pulses, the 
pulses encountered in practice usually are not 
rectangular. In order to measure the pulse width of 
non rectangular pulses at any desired height, a bias 
is applied to the input circuit, rendering it insensi¬ 
tive for the part of the pulse below this level. 

As shown in the complete circuit diagram Fig. 3 , 
a diode Fe is inserted in the path of the incoming 
pulse. The cathode of F® is biased positively with 
respect to the plate by the adjustable voltage 
divider R^iRu. Obviously no current will flow 
through 1% un)(\ss the voltage of the incoming 


negative pulse is greater than this positive bias, 
A small positive bias is also applied to the cathode 
of Vi by the cathode resistor This bias is such 
that an incoming negative pulse of approximately 
0.3 volt, added to the thermionic voltage of F®, 
will reduce the plate current of Fi sufficiently to 
initiate plate current in Fa and a pulse voltage of 
approximately 2 volts will cut off Fi completely 
and allow full plate current for Fa. 

Now suppose the positive bias to the cathode of 
Fe is adjusted to the value of h {see Fig. 4 ). None 
of the pulse below h will pass through F®. As a 
negative voltage of dh^l volts is sufficient to bias 
V\ to cut-off and allow full current to flow in Fa, 
the measuring circuit will measure the pulse width 
at a height of approximately h-\~dh/ 2 . In the model 
developed, the pulse amplitude is adjusted to 
approximately 30 volts by a method described later 
and dh is very nearly 2 volts. Since the level h can 
be varied h\ the control /?io, the width at different 
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heights can be measured and the shape of the pulse 
thus determined. 

PEAK MEASURING CIRCUIT 

In order to measure the shape as described in 
the preceding paragraph, the amplitude of the 
pulse reaching Fc must be held to a fixed value 
irrespective of the amplitude of the original pulse 
to be analyzed. This is accomplished by adjustment 
of the variable resistor Rx^ as determined from the 
measuring circuit consisting of V^ and Tg. The 
pulse to be analyzed passes through Ca and F? to 
charge the peaking circuit The negative 

voltage developed across Ci is applied to the grid 
of the magic eye tube Fs. The grid return is biased, 
through ’the bleeder i?2j, by the positive voltage 
across the 10,000-ohm control i?io which has been 
fixed to approximately 30 volts. 

With no pulse applied and the lower plate of Ch 
at cathode potential (by shorting Rio), Fg will be 
biased by the thermionic voltage of V^ which is 
approximately 1 volt and the shadow will be closed 
about halfway. This position can be marked on F» 
as a reference level. Now since Riz is very high com¬ 
pared to the internal resistance of F?, an incoming 
pulse charges C% to nearly the full peak value, 
(See later). When the input control i?i2 is adjusted 
to open the shadow of V% to the index mark, the 
peak voltage of the pulse is very close to the voltage 
developed across Rio ; the error is probably less than 
2 percent of the pulse height. In the model con¬ 
structed, i?io is a wire-wound potentiometer with a 
linear characteristic and the position of its vslidcr 
can therefore be calibrated in percent of pulse 
height. Its setting will thus define the level, A, at 
which the pulse duration is measured. Accordingly 
when a pulse is being analyzed, the input resistor 
Rii is adjusted so that the magic eye is opened to 
the index mark. The width at any setting of Rio 
is then read directly on the dial of the milliammeter 
in the plate circuit of V4 as described later. 

THE DELAYING CIRCUIT 

The meter as thus far described has proved quite 
reliable for pulses which have a more or less flat 
top. But if the pulse decays slowly, two difficulties 
appear: (1) if the decay of the pulse is too slow, the 
recharge of Ca will deliver only a very small voltage 
to the grid of Fft so that the thyratron will not be 


fired and F* will not remain cut off; ( 2 ) if the pulse 
be shaped as shown in Fig. 5 , the rate of decay at 
B can be sharp enough to deliver a positive pulse 
to the grid of F* thus causing it to fire too early 
and prevent the remainder of the pulse from being 
analyzed. These two difficulties have been elimi¬ 
nated by the introduction of the delaying tube F». 

This sharp cut-off pentode (Fig. 3 ) is biased 
slightly beyond cut-off by the bleeder Rn-Rxo. The 
front of the incoming pulse passes through the 
condenser C#, drives the grid of Vo still further 
negative and has no other effect. However, because 
of the differentiating action of the circuit Co-Rn, 
a positive voltage impulse will be applied to the 
grid of Vo during the decay of the pulse. This 
renders Vo conducting, causing plate current to 
flow through Ri$. 'This causes the left plate of C« 
to become less positive and sends a negative im¬ 
pulse through Cn which in turn has no effect other 
than to drive the grid of Fs still further negative 
with respect to the cathode. At last, after the com¬ 
pletion of the primary pulse which is to be studied, 
the positive impulse at the grid of Vo will disappear 
and current will cease flowing in R^; Ca will dis¬ 
charge through J?6, as described above, giving a 
positive pulse which fires the thyratron F^. By 
this combination, the thyratron can be fired only 
after the decay of the primary pulse is complete and 
premature action is eliminated. 

INPUT CONNECTIONS 

For the measurement of current pulses, the mag¬ 
netron current is passed through a non-inductive 
resistor Ro of 3 to 6 ohms and the voltage developed 
is fed to the input through a concentric line, 
matched at the input by a 68 ohm series resistor 
J?e8 and loaded by the input control resistor 
The adjustment of Rn will obviously control the 
input voltage to the circuit. 

For the measurement of voltage pulses a tapped 
low inductive bleeder Rio is connected in series 
with the input control resistor ifza; adjusting this 
resistor changes the voltage drop across Rio- 

THE PHASE INVERTER TUBE 

The arrangement as thus far described operates 
only on negative pulses since the pulse must drive 
the grid of Fi beyond cut-off. In order to measure 
and analyze positive pulses, a phase inverter tube 
Fio is employed. The pulse to be measured is ap¬ 
plied to the grid of Fio and the output is then con¬ 
nected ahead of the input to F«, V7 and F9 by a 
switching arrangement shown in the complete cir¬ 
cuit diagram Fig. 3 . When the switch is thrown to 
the left, the control resistor Rn is connected to the 
input to ViQ and used to bring the pulse applied 
to F«, Vi and Vo to the proper value as checked 
by Vn, 



DIRECT READING PULSE LENGTH METER AND SHAPE ANALYZER 471 


STABTUTY OF OPERAHOW 

In order to insure a constant calibration certain 
precautions must be taken. Changes in plate supply 
voltage of Va would affect the reading of the meter, 
therefore the plate supply voltage is stabilized by 
a FJ?- 1 S 0 gas tube. Similarly the screen and plate 
supply voltage of V2 is stabilized by a Fi ?-105 
and F7?-1S0 tube in order to keep the voltage drop 
across Ri constant. The Fi ?-105 tube across the 
plate supply voltage of Vi is necessary to insure 
stable operation of the d.c. coupled amplifier stage. 

Stabilizing the plate voltage alone is not suffi¬ 
cient to keep the zero readings and the calibration 
constant, because changes of heater voltage, due to 
line voltage fluctuations or heating of the power 
transformer, result in variations of cathode tem¬ 
perature which in turn influence the thermionic 
voltage (contact potential). Although this change 
is unimportant in some tubes, there are 4 tubes 
where any change of thermionic voltage would 
cause troubles: during the pulse, the grid of V2 is 
connected to a positive bias by the control R^q. The 
thermionic voltage will add to this bias and there¬ 
fore influence the plate current. Similarly a change 
of the thermionic voltage will affect the zero reading 
of The stability of the thermionic voltage of the 
diode V» is of even greater importance, because the 
thermionic voltage of F, adds directly to the voltage 
across C, and any change would show on the meter. 
The thermionic voltage of F? affects the reading of 
F, and although this reading is not critical, the 
heater of F? has also been stabilized, as this could 
be done without any additional elements. The 
heater currents are stabilized by a ballast lamp 
(type WEAB) to a heater voltage of 6.3 volts. 

The meter cannot be calibrated by comparison 
methods because no time standards are available. 
Therefore the calibration must be calculated from 
the circuit elements. As a matter of fact, the voltage 
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which appears across C2 can be calculated easily 
and exactly and the meter can be calibrated by 
connecting a d.c. voltmeter across C2 and applying 
a d.c. voltage corresponding to the calculated value. 

When a pulse has been measured at different 
heights, e.g., at 10 percent, 20 percent • • • 90 percent, 
the results are then translated into pulse shape. 
Obviously, pulses shaped like B or C in Fig. 6 will 
give the same meter readings, but the experimenter 
will usually know how to interpret the readings, 
especially when the pulse is also viewed on a Ci? 
scope. As an example, the pulse width curve A has 
been drawn from the readings: 


Setting 

100 percent 

95 

90 

85 

80 

75 

70 

60 

h^dh/2 


99 

94 

89 

84 

79 

74 

64 

Reading 

0 

0.20 

0.30 

0.64 

1.02 

1.13 

1,18 

1.20 

Setting 

50 percent 

40 

30 

20 

15 

10 

5 

0 

h+dh/2 

54 

44 

34 

24 

19 

14 

9 

4 

Reading 

1.27 

L30 

1.32 

1.33 

1.35 

1.38 

1.42 

1.52 


Comparison of the pulse length as measured by 
this instrument and as computed from average and 
peak values shows agreement better than 5 percent 
in the settings, which is within the limits of ac¬ 
curacy usually expected. 
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A 90® sector type mass spectrometer tube made of Monel is described. The design is such that 
the electrode assemblies and analyzer section are easily removable without destroying the slit align¬ 
ment. A double gasket arrangement is used for making the necessary high vacuum seals. The tube 
tan be operated at an elevated temperature with no cold spots which is particularly desirable for 
degassing and for studying samples which have low vapor pressures. Operation of the analyzer section 
at any desired potential with respect to ground is permitted. 


W ITHIN the past few years a number of mass 
spectrometer tubes have been built for use 
in routine analysis* and research applications.®'”^ 
The tube to be described in the present paper (it is 
not in production commercially), permits easy 
access to and removal of the entire electrode struc¬ 
ture and analyzer section. It incorporates features 
such as simple sealing procedure, operation at 
elevated temperature with no cold spots, easy slit 
alignment, and an insulated analyzer section. The 
ease with which the. inner parts of the tube may be 
changed makes it particularly useful as a research in¬ 
strument and also satisfactory for routine analysis. 

DESCRIPTION 

The mass spectrometer tube was constructed of 
Monel and has a 90 ® sector with a five-inch radius 
of curvature. The main envelope parts were ma¬ 
chined and then assembled by copper brazing in a 



Fig. 1. Schematic of maas apectrometcr tube. 
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hydrogen atmosphere, arc welding, and atomic 
hydrogen welding. Monel was chosen since it could 
be welded or brazed satisfactorily, and the atmos¬ 
pheric purity required in a hydrogen furnace for 
maintaining a clean surface was not as severe as in 
the alloys containing chromium. 

Shown in Fig. 1 is a schematic of the mass 
spectrometer tube. Caps at either end can be easily 
removed for access to the ion source # 1 or exit 
assembly #20. The sealing of these caps consists 
of a double gasket arrangement. 'Fhe inner gaskets 
#8 and #11 are of 0.020-inch diameter gold wire. 
The outer gaskets #6 and #18 are of ^^-inch 
rubber sheet. The separation of the gasket .surfaces 
is such that the rubber gasket seals before the gold 
gasket. Further compression of the rublxjr gasket 
permits making the high vacuum gold gasket seal. 
Pumping leads #3 and #12 serve to maintain a 
guard vacuum between the rubber and gold gaskets. 
Six J-inch studs threaded into the main base plate 
provide the necessary compression for making the 
seal. Cooling coils are shown on either side of the 
rubber gasket. The outer sections to which the 
cooling coils are attached are of thin wall material 
to permit greater heat transfer across the inner wall 
of the guard vacuum region. This permits the gold 
gasket to be heated along with the rest of the tube. 
The life of the gold gasket is of the order of SO-lOO 
sealing operations and some three times greater 
than that of the rubber gasket. 

The initial slit alignment procedure is simple and 
may be carried out in a short time. Removal of the 
ion source or exit assembly does not destroy this 
alignment. Mounting rings #2 and #19 have 
conventional pin stops for orienting the slits. Each 
of the rings is fastened to three supports such as 
#4 and #13 through dowels. The dowels, as well 
as the opposite ends of the mounting ring supports 
which are threaded into the main base plate, are 
of Monel. In constructing the supports the Monel 
parts are drilled such that a J-inch diameter 
tungsten rod can fit into the appropriate end. 
Heating of the Monel and tungsten with an oxygen- 
acetylene reducing flame results in the Monel 
wetting the tungsten and giving a very strong 
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joint. The two tungsten ends can then be joined 
by the central glass section which provides the 
insulation. In aligning the mounting ring, the six 
supports are screwed into the main base plate and 
the tube properly located in a jig to which the 
mounting rings are attached. Heaters wound on 
quartz tubing are placed over the glass section of 
the supports. These serve to raise the temperature 
of the glass to its softening point and permit 
locating the dowels such that the slits will be 
correctly aligned. Annealing of the glass is easily 
carried out and one merely releases the nuts of the 
dowels in the cooling process to prevent cracking 
the glass due to contraction. Although the shrinkage 
of the glass was neglected in making the jig, it 
could be taken into account if necessary. 

Outer #15 and inner #14 analyzer sections are 
rectangular in cross section. 'The outer section is 
machined as a semi-circular channel. This channel 
is cut in half and welded together to give a 90® arc 
of rectangular cross section. The inside section is 
of sheet material cut to the proper dimensions and 
atomic hydrogen welded along the four corners, 
followed by cleaning in a hydrogen atmosphere 
furnace. At either end the inner section fils into 
metal supports which are insulated from the main 
base plate by glass cylinders #9 and #16. Holes 
in the glass cylinders permit pumping through the 
analyzer section. In practice the entire tube is 
pumped from the ion source end, although provi¬ 
sions are made for pumping at both ends should 
the need arise. Stainless steel Sylphons #7 and 
#17 connect the analyzer to the mounting rings. 
The Sylphons serve to shield the ion beam and to 
give flexibility which prevents severe strains on the 
glass cylinders and supports. The inner analyzer 
section is designed such that it can be removed at 
the ion source end without disturbing the exit 
assembly. The rectangular analyzer section permits 
a larger cross section area for the ion beam to pass 
through than can be obtained on circular construc¬ 
tion using the same magnetic gap. It would be 
possible in such construction to decrease the magnet 
gap by having the sides of the outer analyzer 
section made of soft iron that conformed to the 
shape of the pole faces. This would enable having 
a gap width of nearly the same dimension as the 
ion beam. The double analyzer with its insulated 
inner section permits operating the analyzer at any 
desired voltage with respect to ground. This feature 
makes it possible to operate the tube in a manner 
such that metastable ions® may be studied. 

In general, in the sector type tube a magnet is 
used for focusing the electron beam. In this instru¬ 
ment a small permanent magnet supported by the 
ion source mounting ring serves this purpose. The 


• J* A. Hippie and E. U. Condon, Phys. Rev. 68, 54 (1945). 



Ku;, 2. Coinpleied mass spectrometer tube. 


magnet consists of two Alnico pole pieces each 
I inch XI inch XI inch and a soft iron yoke. The 
field obtained with a IJ-inch gap is 150 gauss. No 
difficulty has been experienced in maintaining a 
well defined electron beam even when the magnet 
is heated to 300®C. Placing the magnet inside the 
tube enables the gap to be decreased to approxi¬ 
mately the length of the electron beam. 

The external electrical connections into the tube 
are made through standard octal glass presses 
except where special presses are required. The 
presses are sealed in all cases to Kovar eyelets and 
these atomic hydrogen welded to Monel eyelets 
such as #5 and #10. A particular advantage of 
welding the Kovar and Monel lips in this manner 
is that it permits easy replacement. The weld can 
be ground away and only a small amount of the Up 
destroyed. It is found possible to make as many as 
five welds before destroying the lips. Connections 
for measuring the electron and ion current are made 
through special presses of #707 Corning glass. 
The resistance of this glass-is higher than Pyrex 
and is particularly superior at an elevated temper¬ 
ature. Pin-jacks are used for making connections 
to the various electrodes inside the tube. 

The ion source and exit assembly used are of 
similar construction to those described by Hippie.* 
A detailed description of the assemblies will be 
omitted since the design employed is often of a 
specialized nature. In the present construction it is 
only required that the electrodes containing the ion 
defining slits include stops of known orientation 
with respect to the pins in the mounting rings, 

OPERATION 

In operation the tube is found to perform satis¬ 
factorily. A well-focused electron beam is obtained 
as determined by the ratio of the total emission 
current from the filament to the electron current 
which passes through the ion source. The resolution 
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is as expected—about one in one hundrecj and fifty 
mass units. To obtain this resolution it is necessary 
that the tube be operated at a temperature of at 
least lOO^C since this is in the neighborhood of the 
Curie point for Monel. Where this resolution is not 
required, the tube can be operated at room temper¬ 
ature. The guard vacuum can be raised to about 
100 microns before detecting oxygen in the tube. 
Degassing of the tube starting from atmospheric 
pressure may take a little longer than in the con¬ 
ventional glass tube, but the ultimate vacuum is of 
the same magnitude. If electric heaters are used, 


the power required to heat the tube to 30Q®C is 
approximately three kilowatts. Figure 2 shows the 
completed mass spectrometer tube. 
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A variable air-gap capacitor is formed between an unbalanced rotating member and a stationary plate. 

The output of an oscillator is modulated in accordance with the variations in air gap, the modulated wave 
licing displayed on the screen of a cathode-ray oscilloscope for continuous observation. Cyclic displacements 
at the periphery of the rotor of 0.0005 in. are easily detected. A contactor on the rotor shaft provides the 
means for locating the point of unbalance. 


INTRODUCTION 

YNAMIC balancing machines have been developed 
which are capable of indicating the magnitude 
and phase of unbalance of rotating parts, and these 
machines are indicated whenever production balancing 
is required. The field man is often called upon to balance 
rotating machines in place. In other cases, commercially 
available machines cannot be employed because the 
rotors are vertically mounted on step bearings or be¬ 
cause of other special construction. This paper describes 
a technique whereby electronic equipment which is 
portable and is easily employed in the field can be 
adapted to specialized balancing problems. 



F iO- k Block diagram of complete system. 

This paper is based on work done for the Office, Chief of 
Ordnance, Department of the Army. 


CAPACITOR 

The measuring element of the gauge is a stationary 
capacitor plate mounted near the periphery of the rotor 
to be balanced, so that the plate and rotor form an 
electrical condenser. Changes in air gap produce changes 
in capacity (C) of the condenser in accordance with the 
formula C—KAfd where iiC«a constant, w4«area of 
plate, and d=« thickness of air-gap. During rotation, 
unbalance of the rotor produces cyclic changes in 
capacity that modulate the gauge circuit output dis¬ 
played on the screen of a cathode-ray oscilloscope as 
shown in Fig. 1. In this diagram, the rotating machine 
is represented by a rotor and its bearing mounts, and 
the capacitor plate is shown supported by a threaded 
post insulated from the frame of the machine. The 
capacitor plate is electrically connected to the gauge 
circuit which is also connected to the shaft contactor. 

CIRCUIT 

Figure 2 shows the complete circuit diagram of the 
electronic capacitor gauge. A crystal-controlled oscil¬ 
lator supplies a 100-kc carrier of constant frequency and 
amplitude to the tank circuit. The carrier amplitude in 
the tank circuit is modulated in accordance with the 
variations in capacity of the measuring element. The 
tank circuit is operated near resonance, the exact point 
being determined by the shape of the calibration curve 
to be obtained. Tlids wQl be discussed further in the 
section on calibration. The output of the tank dreoit 
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is passed through a cathode follower to a clipper circuit, 
which is adjusted to remove approximately 70 percent 
of the carrier. The remainder is fed to the vertical de¬ 
flection amplifier of a Dumont Type 164E oscilloscope. 
This procedure allows the oscilloscope amplifier to be 
operated at high gain without overloading, A clamping 
circuit holds the clipped side of the carrier in a fixed 
position on the screen of the cathode-ray tube so that 
the screen can be calibrated directly in terms of rotor 
displacement, 

SHAFT CONTACTOR 

The equipment thus far described provides an indi¬ 
cation of the amplitude of vibration of the rotor high 
point. However, the location of the high point requires 
a reference to a fixed point on the rotor. This is obtained 
by means of a shaft contactor (see Fig, 1) which con¬ 
sists of a grounded projection on the rotor shaft that 
strikes a flat spring contact once every revolution. The 
flat spring is connected to the line marked TO SHAFT 
CONTACTOR in Fig. 2. During the instant of contact, 
approximately 50 percent of the modulated signal at 
the cathode follower is by-passed to ground. Hence, as 
observed on the oscilloscope screen, every cycle of the 
modulated wave is notched at the same point with 
respect to the peak of the wave. The phase angle be¬ 
tween the notch and the f)eak corresponds to the angle 
between the point of shaR contact and the high point 
of the rotor. For higher accuracy, the flat spring is 
mounted on a rotatable assembly that may be turned 
until the notch is at the peak of the modulated wave. 
The point of shaft contact and the rotor high point are 
then coincident. 


APPLICATION 

Figure 3 shows an installation of a capacitor gauge 
for balancing a wheel that is to rotate at high speed 
about a vertical axis. Due to an irregular profile at the 
rim, it was more convenient in this application to 
mount the gauge above the wheel near its rim, as shown. 

The capacitor plate consists of a brass block (approxi¬ 
mately 2 in. XI in.) supported on a threaded post that 
passes through a block of insulating material. This 
assembly is designed to permit adjustment of the plate 
for parallelism with the upper surface of the wheel, and 
to allow accurate setting of the initial air gap. The shaft 
contactor (not shown) is similar to that of Fig. 1 except 
that the rotatable contact is positioned by an electric 
motor drive controlled from a remote station. 

The display on the screen of the cathode-ray tube 
of a pure sinusoidal modulation at the rotational fre¬ 
quency of the wheel indicated the absence of wheel 
vibration (as a thin plate). Hence, the vertical displace¬ 
ment of its rim was essentially proportional to the 
horizontal, for the small displacements involved. The 
ease and accuracy with which the rotor high point was 
located during numerous balancing operations was 
further evidence of the suitability of the gauge mounting 
used in this particular application. 

CALIBRATION 

The curve of capacity versus air gap, shown in Fig. 4, 
is based on calculated values for the capacitor installa¬ 
tion of Fig. 3, With a linear electronic measuring circuit, 
the over-all sensitivity for air gaps greater than 0.004 in. 
would be relatively low. However, it has been pointed 
out that the measuring circuit is not linear, the tank 
circuit is adjusted to oi>erate over a non-linear portion 


Fio. 2. Electronic ca¬ 
pacitor gauge circuit. 
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- Fig. 3, Capacitor gauge installation. 


of its resonance curve. When properly adjusted, the 
over-all calibration curve of signal amplitude versus air 
gap, as shown in Fig. 4, is obtained. The sensitivity at 
the wider air gaps is sufficient to allow this electronic 
capacitor gauge to clearly indicate rotor displacements 
covering a maximum range from zero to 0.008 in. 

BALANCING 

To balance the rotor shown in Fig. 3, the capacitor 
plate is adjusted so that a uniform air gap of approxi¬ 
mately 0.010 in. is obtained. The image on the screen 
of the cathode-ray tube will consist of a solid band (the 
100-kc carrier) approximately 0.4 in. high. A calibrated 
mask is placed over the screen of the tube and the band 
is positioned so that its upper edge coincides with an 
arbitrarily selected horizontal line representing zero 
rotor displacement The lower edge of the band will 
remain straight and fixed in position at all times since 
the carrier has been clipped and clamped at this level. 
When the rotor is driven, displacements of its upper 
surface that reduce the air gap will appear on the screen 
as deflections above the zero line, and displacements 
that increase the air gap will appear below. The latter 
deflections are small since the sensitivity decreases 
rapidly for air gaps greater than 0.010 in. However, 


|.Or 
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Fic. 4. Calibraiion curves. 


since these deflectipns are not useful or necessiiry, they 
are ignored. 

Near the first critical s|)eed of the unbalanced rotor, 
the upward deflections on the screen become prominent 
and the position of the notches relative to the i)eaks of 
the waves are observed. As the rotor st>eed varies, the 
oscilloscope sweep frequency is adjusted to one-half or 
one-third the frequency of rotation so that 2 or 3 cycles 
of the modulated wave will ap{>ear stationary on the 
screen. The speed of rotation is carefully controlled so 
that the amplitude of vibration does not exceed 0.008 in. 
The shaft contactor is then driven to a position such 
that the notches in the scope pattern are directly at the 
{>eaks of the waves. The rotor is then brought to rest 
and its heavy point located by observing the point of 
contact of the shaft contactor. Material is removed 
from the rotor at the heavy point and the process is 
retreated until the rotor displacement at the critical 
speed is of the order of 0.003 in. From the calibration 
curve it may be seen that the signal amplitude will be 
small (0.15 in.) and difficult to observe. Therefore, the 
capacitor plate is readjusted so that the initial air gap 
is reduced to 0.005 in. The signal amplitude for a rotor 
displacement of 0.003 in. will now be 0.6 in. The above 
procedure is repeated until the desired degree of balance 
is obtained. WTien surface irregularities produce signals 
of the order of magnitude of the signals due to un¬ 
balance, further refinements in balancing are useless. 
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The effect on the electric field inside a circular*cylindrical ionisation chamber of the end plates is 
determined. The field lines terminating on the collecting wire at the ends of the guard sleeves deter¬ 
mine the volume in which the freed electrons are collected by the wire. Formulas and a graph for de¬ 
termining this counting volume are exhibited. In appendices effects of the sleeves are considered, and 
the inverse-square integral evaluated for both cylindrical and spherical ionization chambers. 


A ROTAT ion all Y symmetric ionization 
chamber is shown in Fig. 1. The guard sleeves 
arc assumed to have the same radius and to be 
maintained at essentially the same potential as the 
collecting wire. Away from the ends of such a long 
cylindrical ionization chamber the electric field is 
purely radial, and the volume in which the freed 
electrons are collected by the wire is defined by 
the right circular cylinder with bases at the ends 
of the sleeves (A, Fig. 1). With this cylinder as a 
first approximation, one must correct for the effect 
of the end plates. 

The chamber will be assumed sufficiently long 
that neither end plate influences the opposite end. 
Thus, we shall treat the effect of each end plate as 
if the chamber were semi-infinite. The electric field 
configuration in the vicinity of an end plate is 
shown qualitatively in Fig. 2. It is seen that the 
end plate increases the counting volume, since, with 
the end of the guard sleeve at A, the counting vol¬ 
ume is that to the right of CAC rather than BAB, 
With the wall and end plate at potential zero 
and the wire and sleeve at potential F, we may 
write the potential <l> at any point, because it is 
independent of azimuth, as a sum of solutions of 
Laplaces equation of the two forms log(6/r) and 
where r denotes the distance from 
the axis and z distance from the end plate. Zoikr/b) 
is a linear combination of the Bessel functions 
A(kr/b) and Nc{kr/b),^ say Z(i(kr/b) ^Jo(kr/b) 
'hftkNoikr/b ); k and n* are chosen so that Zoikr/b) 
vanishes both on the wire and sleeve, at r»«a, and 
on the wall, at r~b. The coefficients of the terms 
in the sum are obtained on imposing the boundary 
condition: ^ = 0 for s = 0 and a<r^b. Thus, 


« * c F/log(i/a)][log(6/r) 

-EkA,Zoikr/b)e-^^n 


( 1 ) 


where 


Ak--{2/k)(a/b)Zi(ka/b)logia/b)/ 

CZi*{ife)-(a/i)»Zi*(Aa/i)]. (2) 


* Work done under the auspices of the AEC. 

* The ^'Neumann function is denoted by by Jahnkc 
and Enide (see reference 2) but by Vo by Watson, 


and the summation is to be taken over all positive 
k*s satisfying the foregoing condition. Zi{krfb) 
^Mkr/b) + nkNx{kr/b). 

On account of the factor in Eq. (1), the 

summation becomes small compared to the log(6/r) 
term for z of the order of (6—a) or larger. We may 
thus treat it as a perturbing field superposed on the 
log(i/r) field that would obtain in the absence of 
any end plate, 

The effective part of this perturbation is that 
arising from to which is due the departure 


OUTER CONDUCTOR. RADIUS^" 



collectino wire . 

I RADtUS "A* 
• END PLATE 


Fig. 1 . Circular-cylimlrical ionization chantl>or. ('The 
at the iQp of the figure and the “A” at the extreme right should 
both be lower case.) 


of .4C in Fig. 2 from AB, The slope of .4C away 
from radial (AB) at any point is the ratio of axial 
to radial electric field, (dtp/dz)/(d<p/dr). From the 
logarithmic term we have a])proximately 

d<p /dr = — [ I Vlog(6/a) ]/r. (3) 

Thus, the slope of AC away from radial is approxi- 
rtiately 

d^/dr = llo^ib/a)/\C]rd<f>/dz, (4) 

where f(r) is the distance between AC and AB at 
radius r. 

Substituting d^/dz from (1) and (2) into (4) and 
integrating, we have 

f W * ZkAke-*^^^^lrZi{kr/b) ^aZx(ka/b)l (5) 

for which z has been assumed to be essentially con¬ 
stant, being, say, the z at A, The volume included 
between CAC and BAB is 

-(l+4ife-*-c’6-*)(o/6)Zi(*a/6)]. (6) 
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CB ♦•0 



Fig. 2. Distortion of the field due to an end plate. 


Each end plate increases the counting volume by 
this amount, which may be expressed in the form 

in which it is convenient to use p^{b-’a)kfh rather 
than k. Here z is the distance from the end plate 
to the end of the sleeve. For z of the order of (ft—a) 
or larger, terms in (7) beyond the first may be 
neglected; the error involved will be of the order 
of the second term. K\ and p\ are functions of the 
ratio (a/ft) and are exhibited in Fig. 3, which is 
plotted with (a/ft)^ as the abscissa to improve the 
accuracy. lies between dbO.l in the practical 
case, and pi is about 6.0. 

The writer wishes to acknowledge discussions of 
this problem with Drs. Isaac Halpern, John Horn- 
bostel, Everett Hafner, and Ernest Courant. 

APPENDIX A 

In the limit as the wire and sleeve radius a approaches zero, 
«* goes to zero, and Z becomes J. Then the values of k become 
the positive roots of the equation Jo(jt)»0, which are listed 
by Jahnkc and Emde,* the first two being jfej *2.4048 and 
5.5201, Correspondingly, Ki becomes 1.4477 and 
Ki —0.07%. In this limit Eq. (2) becomes 

and 



Fig. 3. Kx and px vs, (a/6)I. Increase in counting volume 
due to one end plate is approximately a)*exp— 

(6-o)3. 


* E, Jahnke and F. Emde, Tables of Functions (Dovci 
Publications, New York, 1943), p. 166, 


APPENDIX B 

In the opposite limit, as the wire and sleeve radius a ap* 
proaches the wall radius 6 , the field becomes two-dimensional 
and IS readily obtained in closed form by use of the mapping 
by the complex function 

w * (2 F/itt)log co 8 «, 

where a), and ii*w 4 irz/(^—«); 

with fp a stream function. Thus, 

^ «(2 F/ir)tan*' 1 tan[ir(ft - r )/(6 - a )]tanh [§irs/(6 -a)] |, 

and 

d^/as*CF/(6-a)3sinCir(6-r)/(6-a)]/ 

( coBZw(b — r )/(b — a ) 3 -f coshCir 2 /( 6 —a)] | 
» [2 sinCir(a-r)/ 

smC2ir(A-r)/(a-a)3+ • * *). 

The radial electric field is, in the limit, constant and given by 
Proceeding as before, we have 

f(r)- 11 +cmlir(h-r)/ib-a)2) 

+ I \ -cos[2r(6-f )/(6-o)]) + •••]• 

Thus, the increase in the counting volume due to one end 
plate is 

if wire and wall diameters are nearly equal. 

APPENDIX C 

In case the radius of the collecting wire is less than that of 
the sleeve, there is an additional distortion of the field which 
decreases the counting volume of the chamlxir. This effect is 
difficult to calculate precisely, because of the complicated 
shape of the center conductor, essentially a thin wire coming 
out of the fiat end of a thicker wire. The effect is due to the 
inside right angle at the base of the thin wire, on account of 
which the electric field line emerges from the comer at a 45® 
angle, as well as to the change in radius. 

If we consider the field that obtains when a uniform wire of 
radius a at the center of a grounded cylindrical surface of 
radius b has potential Ffor 2>0 and potential V' for s < 0 , with 
F'> F>0 (Fig. 4), we see that there is an equipotential F, 
PQ, that includes the surface of the right half of the wire, 
making a right angle with itself at Q. This equipotential has 
radius a for z sufficiently positive and, with K' 1 1 -j- Clog(^/a)/ 
log(ft/c) 3 ) F, radius c for z sufficiently negative; c represents 
the radius of the sleeve. Thus, the field in this case should be 
very much like that we wish to study* 

The potential ^ is easily found by decomposing it into its 
even and odd components as functions of s, of which the for¬ 
mer is the usual logarithmic potential, and the latter exactly 
like ( 1 ); 

^-[F/log(ft/a)311og(ft/r) 

■flDog(c/a)/log(ft/c)32i^^o(ftr/ft)e-‘-^Nr 

with k and Zo as before and Ak given by ( 2 ). 

The point Q (Fig. 4) may be determined as that point f 
s«"s where d4f/&r vanishes. The field line QR, which bisects 
the right angle at Q, bounds the counting volume. It may be 
determined from the relation dt/dr>^ (dp/&z)/{34/ar\ but 
now dp/&r cannot be accurately approximated by the first 
term of the series; s/ft is small along QR^ and the series con¬ 
verges slowly. This makes even the determination of the point 
Q difficult. However, it is thus possible at least in principle 
to determine the approximate diminution in the count^ 
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volume, 2Tfa^r^{r)dr, resulting from this difference in sizes 
of sleeve and collecting wire. 

This size difference will also have an effect on the field due 
to the end plates. However, one may compute the end-plate 
correction for each central-conductor size and use an inter¬ 
mediate value, as the two will not differ greatly. 

In the special case where c ——a«A, the field con¬ 
figuration can be obtained directly by the Schwarz trans¬ 
formation mapping the upper half of the r-plane onto the i- 
plane with -f (2/ir)(r'“a)/rJ* and If 

this condition obtains, one finds approximately that f ■■ (1 /r) 
X (c —a)iog[[2ire(r — a)/(r — rt)3, whence the diminution in the 
counting volume due to the change in central-conductor size 
from c to a is approximately 

26 (c-a)( 6 -a)log[ 2 ir( 6 --«)/(c-a)]. 

The change at the other end of the chamber from a io c sub¬ 
tracts another equal amount from the counting volume. 

APPENDIX D 

When a cylindrical ionization chamber of length 2L and 
radius R is used with an external point source of radiation at 
distance A from its axis and equidistant from its ends, it is 
necessary in calculating the cross section of the ionizing gas 
to know y'dr/p* over the volume of the chamber, where p 
is the distance from the source to the point of integration. 
This integral may be written 

fdr/p^-‘f’'J^''£\dedrd —2Ar cosd). 

The integration over 6 is carried out by means of Peirce^ No. 
300. The substitution then allows the next integration 
to be done by No. 160. With the substitution of 8ec*«^ for the 

’ B. O. Peirce, A Short Table of Integrals (Ginn and Com¬ 
pany, Boston, 1929). 



Fig. 4. Approximation to field at end of sleeve. 


argument of the logarithm thus obtained, the last integral is 
converted to the standard form of the incomplete elliptic 
integral of the second type E(A,0) except that k^A/R>\. 
Thus, 


J dr/p*«4TL log 9ec^i4-4ir/?J^*(l sin*^)!^^, 


where 

and 


sin03"/^/j4 


Unfortunately there seems to be no table of this incomplete 
elliptic integral for k greater than unity, 'f'he contributions to 
the integral due to the end plates, etc., may be added sepa¬ 
rately. Since they are small, it is sufficient to use an average 
value of p* for them. 

In taking into account the effect of absorption in the cham¬ 
ber wall it is necessary to have an expression for the cosine of 
the angle between the line joining the source and point of 
intention and the normal to the wall at the point of inter¬ 
section. This cosine turns out to be [p* —s*— {Ar/R^ sin*^ j/p. 

The integral has been evaluated for a source at 

distance A from the center of a sphere of radius R with A >R\ 
here /dr/p*«2irR-(T/A)(A»-R*)IogC(A-fR)/(4-R)]. 


Erratum: A New Discharge Tube for the Hydrogen Atom Spectrum 

(Rev. Sci. Inst. 20, 319 (1949)1 
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An Instrument for Rapid Determination of Crystal Orientation 
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(Received February 25, 1949) 

The rapid orientation of crystals is accomplished by the use of an apparatus employing a Geiger 
counter and x-ray focusing. 'I'he instrument can l>e used for precise orientation or to sort samples into 
various tolerance ranges. Applications to sapphire are discussed in detail. The instrument has als<» 
been used in connection with rutile and barium titanate orientations. 


T he mechanical, optical, and other properties' 
of synthetic single crystals of scientific and 
commercial interest are often profoundly influenced 
by crystallographic orientation. To mention but a 
few examples; rutile has widely different refractive 
indices and dielectric constants parallel and per¬ 
pendicular to the optic axis and these are important, 
for example, in cutting this substance as a gemstone. 
Piezoelectric crystals such as barium titanate must 
be sliced in carefully controlled directions for maxi¬ 
mum effect. Sapphire with its relatively high re¬ 
fractive-index and low dispersion might have 
applications to lens design if cut perpendicular to 
the optic axis where birefringence effects would be 
minimized. To insure uniform wear of sapphire 
phonograph needles the C axis must lie in the plane 
of the record and tangent to the groove. In some of 
these applications precise knowledge of crystallo¬ 
graphic orientation is essential and the techniques 
for obtaining this information have been studied 
extensively in connection with quartz.^ In many 
cases, however, a range of orientations is permissible 
and the number of individual units to be determined 
is 80 great that the more exact methods cannot be 
justified. It is the purpose of this paper to describe 
a simple device for sorting crystals into prede- 


Fiu. 1. Definition of 
p and v?. 



termined orientation ranges in a rapid, but reliable, 
manner. 

For the sake of definiteness, sapphire, which 
crystallizes in the hexagonal system, will be used 
as an illustration although the extension to other 
crystals will be immediately obvious. When grown 
by the Verneuil technique, this material is in the 
form of rods or boules, the growth axis of which 
forms a convenient line of reference for specifying 
orientation in terms of two angular parameters p 
and (p defined as follows and illustrated in Fig. 1: 

p is the angle between the crystallographic C axis 
and the growth axis of the rod or boule. 

ip is the angle between a negative A axis of the 
crystal and the plane defined by the C axis and the 
growth axis, subject to the restriction that it lies 
between 30® and 90®. 

It is clear that p specifies how much the crystal has 
been tilted with respect to the growth axis, while s 
defines the extent of the rotation of the crystal 
about its own C axis. The evaluation of these 
parameters for the different crystallographic planes 
is described in Dana's System of Mineralogy'^ al¬ 
though the definition of tp used here differs slightly 
from that of reference 2. 

For an important application it has been em¬ 
pirically determined that p and ip should equal 
approximately 60®. The crystallo^aphic n planes, 
having hexagonal Miller Indices 2243, can be shown 
to have p«61.20® and ^ — 60®. This means that in 
a 60-^ rod (or boule) the n plane is nearly per¬ 
pendicular to the growth axis, being tilted only 
1.20®. Furthermore, this plane gives a strong Bragg 
reflection. In the powder data of the ASTM card 
index the spacing of the n plane is given as 2.08A 
and the relative reflection intensity as 0.84. (Of 
course, the later value is related to the multiplicity 
of the reflecting plane, but the single crystal has 
more than enough intensity for present purposes.) 

Orientation of massive crystals of this type, 
having no definite crystal faces visible, can be ac¬ 
complished by back reflection Laue diagrams and 
gnomonic projections, or by other more elaborate 


} K. Hemng, Quartz Crystals for Electric * Palachc, Berman, and Frondel, DawYs System of Min- 

CtrcuUs (D. Van Nostrand Company, Inc., New York, 1946). eralogy (John Wiley A Sons, Inc., New York, 1946), Vol. b 
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methods usin^ two crystal reflections.* However, 
for purposes of economy, it was felt that no longer 
than 15“20 seconds could be spent on each sample to 
determine whether it fell in the range 
^ — 60 ±5® on a go, no-go basis. 

Since the spacing of the n plane is 2.08A, its 
Bragg angle using copper iiCa-radiation is 21.8°, 
This means that a correctly oriented crystal placed 
in an x-ray beam so that the end face normal to 
the growth axis makes an angle of 21.8° with the 
incident beam will show a strong reflection at 43.6° 
to the incident beam. This reflection could be de¬ 
tected by some suitable device as a film, fluorescent 
screen, or a Geiger counter. In this case, the pres¬ 
ence of the reflected ray will be independent of 
rotation of the crystal rod around its own axis. 
Furthermore, it would he Impossible to observe a 
reflection from any other plane because no other 
plane of corundum can reflect at the above angle 
when copper radiation is used. 

If a rod has an orientation somewhat different 
from the optimum, the n plane will be tilted by an 
amount which for small angles is very nearly equal 
to the angle of disorientation. When such a rod is 
introduced into the beam, two possible adjustments 
may have to be made: 

(1) Rotation of the specimen about its own axis until the 
2243 plane is vertical and 

(2) Rotation of the rod alwut the end that is in the beam 
until this plane makes the Bragg angle with the beam. When 
this has been done, the amount of disorientation of the rod 
is given directly by the amount by which the specimen had to 
l>e adjusted from the position in which a correctly oriented 
crystal would reflect. 

In this work a range of orientations was desired 
and the apparatus was designed for this purpose. 
As basic equipment, a standard x-ray generator and 
a quartz crystal orientation unit were used. A 
special crystal holder was constructed for the ori¬ 
entation unit that accomplished this purpose. Fig¬ 
ure 2 diagrammatically shows the incident x-ray 
l>eam impinging on the crystal and the reflected 
ray with the reflecting face lying along the center 
of rotation of the two arms of the orientation unit. 
Also shown in this figure are the extreme rays so 
that the geometry of the instrument for maixmum 
permissible departure from ideal orientation is clear. 
It is evident that a hollow cone of 10° solid angle 
centered on the theoretical position for the 2243 
plane will limit the movement of the crystal rod so 
that p and <p cannot vary from 60° by more than 
=fc:S° in any direction. Further the total area covered 
by the reflected ray for all possible positions is 
shown at the Geiger tube slit position. Conse¬ 
quently. if a suitably dimensioned slit is properly* 
located before the Geiger tube and if the crystal 

* 1. Fankuchen, U. S. Patent 2,392,528. 



movement is limited by the chosen cone, then the 
presence of the desired reflection when the crystal 
is at any position in the cone is all that is required 
for selecting desired crystals. The crystal can be 
made to occupy all positions in the cone by rotating 
the cone relatively rapidly upon its own axis and 
displacing the crystal slowly from a central location 
to the edge. 

The final instrument was produced by redesign¬ 
ing the specimen post on a quartz crystal unit and 
by adding a preamplifier and one stage of amplifica¬ 
tion to the electronic equipment of the Geiger 
counter to yield sufficient output to give full scale 
deflection for a correctly oriented crystal on a 
microammeter of ISO pamp. full scale. Figure 3 
shows the specimen holder from the front and the 
cone into which the crystal is placed is evident as 
is the entrance slit to the counting tube. The gear 



Fig. 3. Sp^imen holder; front view showing cone 
and Geiger tube slit. 
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Fig. 4. Specimen holder; rear view showings ring cam to 
operate alignment plate. 

and flexible cable allow the operator to manipulate 
the crystal holder to either release the crystal or 
ready the apparatus for a new one. When the 
lever is thrown in one direction, a cam removes the 
pressure on three small steel points that hold the 
crystal firmly so that it is not pushed through or 
pulled from the x-ray beam while still allowing it 
to be moved about in the cone. Simultaneously the 
cam drops a flat surface across the small end of the 
cone located in such a way that the crystal face is 
correctly placed when it is against this surface. This 
cam arrangement and locating plate is shown in 
F'ig. 4. When the lever is reversed, the pins firmly 
grasp the rod before the plate is withdrawn. The 
complete unit is shown in Fig. 5. The operator 
works the cam with the left hand and inserts crys-- 
tals with the right.^ 

In actual operation it turned out that rotation 
of the cone was unnecessary because the operator 
could easily move the crystal about in it and pass 
through all positions in several seconds. If the 
crystal were in the desired range, it was promptly 
noted by movement of the meter needle completely 
across the scale. Total time required per sample is 
between IS and 20 seconds. Further, the apparatus 
can never pass an unacceptable crystal, although 
it may occasionally reject a ‘*good” one. 

To illustrate briefly the results obtainable, eight 
white sapphire and ruby rods were selected at 
random and surveyed, allowing 15 seconds in the 


* Anyone desiring working blueprints of the Crystal holder 
may obtain them by writing either of the authors. 


Table; 1. Orientation of sapphire by Laue methods. 


Sample 

Otientation 

rUo (fi) 

phi {v») 

1 

384 ** 

70° 

3 

38r=fcr 

70°^:!° 

8 


57J° 


cone per sample. Back reflection Laue diagrams 
were made of these samples and gnomonic pro¬ 
jections were prepared. The projections of samples 
No. 2, 4, 5, 6, and 7 were not measured because it 
was obvious that they were far removed from p and 
ip equals 60±5® while the results of the remaining 
three are given in Table I. Only sample 8 was 
selected by the orientation instrument as being in 
the desired range. 

The instrument described has been in constant 
use for well over a year and has been operated en¬ 
tirely by technicians with no previous training in 
x-ray techniques. During the period of use several 
thousand crystals have been oriented to a ±5® 
tolerance at an average time per crystal of less than 
IS seconds. It is of course impossible for the device 
to pass an incorrectly oriented piece, and, although 
several efforts have been made to check this point, 
the instrument is not known to have rejected a 
correctly oriented piece. 

Obviously any desired orientation could be 
checked in this same way by suitably tilting the 
axis of the cone to the incident x-ray beam. Fre¬ 
quently, however, it is useful to use another plane. 
For example, when crystals having p=»45® and 



Fig. 5. Complete orientation unit showing x^ray unit, 
goniometer, operating controls, sample holder, and el^tronic 
equipment. 
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are desired the 1123 plane which has the 
values 42.3® and 60® for these parameters is evi¬ 
dently well suited, and has indeed been used. 

Similar laboratory equipment has been used to 
determine the orientation of rutile rods and boules 


and barium titanate crystals by the selection of 
suitable reflecting planes in each instance. 

The advice and assistance of Professor Horace 
Winchell in the preliminary consideration of this 
equipment is gratefully acknowledged. 
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5vimc characteristics of halogen counters have been obtained which enable their preparation for 
given operating voltages. Other factors influencing their behavior are discussed with a view toward 
obtaining optimum results. 


S KLF-QIJENCHING halogen counters have 
previously been described.The figures pre¬ 
sented in the earlier work* were based on parameters 
more conventionally used by workers in nuclear 
physics and included data which are not generally 
useful in the preparation of halogen counters. 
Accordingly, an experimental investigation was 
made of operating characteristics of halogen coun¬ 
ters employing various concentrations of what was 
found to ,be the optimum admixture ratio, four 
parts of argon to one of chlorine in a predominantly 
neon filling. 

THRESHOLD CHARACTERISTICS 

The threshold for counting action in halogen 
counters is sharply defined, no appreciable propor¬ 
tional counting region being evident. This would 
appear to indicate a copious production of photons 
for propagating the discharge once amplification 
has set in. 

Within limits of experimental error, =kl percent 
on voltage measurements and ±5 jjercent on 
pressure measurements, it was found that the 
threshold characteristics for these counters could be 
fitted by an empirical curve of the form 

log£/p» log(/>ro+l.lS)+4.8S, (1) 

where E is field strength at the wire in volts per 
cm, p is the total pressure of A+Ne+Cla, u is the 
wire radius, and ^4 is a constant, depending on 
I>ercentage admixture, given in Fig. 1. These 
measurements were taken on numerous counters 
with anode radii varying from 0.0063 cm to 0.063 
cm, cathode radii from 0.32 cm to 5 cm and total 
pressure from 5-cm Hg to 60-cm Hg. The measured 
threshold voltages were in agreement with the- 
empirical fit to about ±3 percent. The form of 

H. Liebwn, Phys. Rev. W, 181 (1947). 

• S* S. liebson, H. Friedman, Rev. Inst 19,303 (1948). 


Eq. (1) was approximated by simple theoretical 
analysis. No variation in threshold characteristics 
was observable for counters prepared with chrome- 
iron or tantalum cathodes, although there is good 
evidence to believe that photoelectric processes at 
the cathode play an important part during the 
initiation of the discharge.* Deviations from Eq. (1) 
generally o(Xurred only when oi:)erating in the low- 
voltage region where pre*threshold oscillations were 
evident. 

PLATEAUS 

I'he plateaus of halogen counters are determined 
by many factors. There were some general rules 
which were followed for preparation of counters 
with slopes as low as 1 or 2 percent for a hundred 
volts. The more important of these was the use of 
as high a value of pre (total pressure -Y-cathode 
radius) as was consistent with other operating 
characteristics. Both deadtime and threshold volt¬ 
age increase with an increase of />rc. and decrease 
with a decrease in percentage admixture, so that 
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Fig. 2. Plateau characteristics of typical halogen counter. 


an increase of pfe can be compensated by a decrease 
in percentage admixture, except when oi>erating 
the counters in the region characterized by pre- 
threshold oscillations. Since pre is related to the 
number of collisions which an atom or ion may 
make before encountering the cathode, it is seen 
that the criterion for optimum plateau lengths as 
stated above is equivalent to providing increased 
quenching of the metastable atoms. 

For low values of pr^, the discharge mechanism 
appeared to be different, resulting in counting 
action with pulse sizes many times that of con¬ 
ventional alcohol-argon fillings. 

Preparation of the cathode surface for cathodes 
such as chrome-iron or tantalum influences markedly 
the slope and length of plateau, A recently pub¬ 
lished abstract has erroneously claimed slopes of 
6 percent per hundred volts to be inherent to 
halogen counters.* L. B. Clark, Sr. of this laboratory 
has prepared counters with nitrogen bombarded 
chrome-iron cathodes in which the slope had 
changed from about 15 percent per hundr^ volts 
before bombardment to less than 2 percent per 
hundred volts after bombardment. Of interest was 
the fact that A(E/p), the length of the plateau 
expressed in terms of the variation of (E/p) from 
threshold to the end of the plateau, was almost 
constant, depending only on the pjerccntage of 
admixture present, for counters whose cathodes had 
been prepared in the same manner. Figure 2 shows 
a typical curve for A{E/p) measured with a counter 
having a 30-mil diameter center wire and a 2-cm 
diameter chrome-iron cathode. It should be empha¬ 
sized that the absolute values of ME/p) varied 
depending on cathode treatment. The relative 
constancy of A{E/p) would seem to indicate a 
critical excitation or a critical production of excited 
states within the gas at the end of the plateau. 

To check the amount of impurity which may be 

»A. B. Willoughby, Phys. Rev. 75, 1460 (WO). 


present and still obtain counting action, various 
other gases such as Na, O* and air, were added in 
amounts approaching 25 percent of the partial 
pressure of admixture within the counter. The 
results showed the prime effect to be an increase 
in the slopes of the counter, but the counting action 
itself was unimpaired. 

Since the halogen counters are internally 
quenched, and since^arge currents may be passed 
by the counter without danger of excessive break¬ 
down of the gaseous constituents such as is common 
to organic vapor type counters, these counters 
0 |)erated satisfactorily with anode resistors as low 
as lOffO ohms. In one instance, dissipation of 30 
watts within the counter for two minutes, had no 
appreciable effect on the counter characteristics 
other than to increase the slope of the plateau from 
about 4 percent per 100 volts to about 10 percent 
per 100 volts which was presumed to have been 
due to gas liberation by the cathode or anode. 

COSMIC-RAY OPERATION 

In use as cosmic-ray coincidence counters, partic¬ 
ular attention should be placed on maintaining the 
entire active volume of the counter at sufficiently 
large values of (E/p) to minimize negative ion 
formation. For tubes with wire sizes of 30 mils 
diameter and 2-cm cathode diameter containing a 
mixture of neon, argon, and chlorine at about 30-cm 
total pressure, operating at about 400 volts, the 
cosmic-ray efficiency was close to 100 percent. 

The slower rise time of counters operating in the 
low voltage region may make such counters unsuit¬ 
able for coincidence measurements. However, oper¬ 
ation with argon-chlorine counters would afford 
the life and temperature characteristics typical of 
these counters and provide rise-times of the same 
order of magnitude as organic-vapor quenched 
counters operating at the same voltages. 

DEAD TIMB« 

The dead time for halogen counters, as for other 
types of self-quenching counters, will vary with 
operating conditions, and is about 350 microseconds 
(measured from the start of the pulse) at (B/p )» 7.5 
to about 65 microseconds at (E/p) ^ 65, for counters 
with 30-mil center wire diameter and 2-cm cathode 
diameter. 

The greatest difficulty connected with the prepa¬ 
ration of ha^Iogen counters is a suitable choice of 
anode and cathode materials for use within the 
tube. The prime requirements of these materials 
are sufficient conductivity to prevent accumulation 
of static charges, and chemical inertness not only 
with respect to neutral chlorine, but also the 
chlorine ions in the discharge. 

GTstever, Phyi. Rev. 61, 38 (1942). 
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The vacuum lube circuit described in this paper was designed in order to measure the effective 
dead-time (<r') of a Geiger-MUlIer counter and, the probability (a') of occurrence of spurious dis¬ 
charges within a given interval of time (r~“^7 af^ter an initial discharge. The experimental results 
obtained permit, by means of an adecjuate formula [M. A. Guimaries, Thesis for Doctor's degree, 
to l)e published], the determination of (o') and, in some cases, (a')* 


INTRODUCTION 

A n ideal Geiger-Mtiller counter must present a 
well defined plateau and should be sensitive 
only to particles from a given source. Frequently 
it happens however that, after a discharge takes 
place, the counter discharges spontaneously even 
in the absence of an ionizing particle (spurious 
discharges). In the present work, a vacuum tube 
circuit is described whereby one can measure the 
percentage of eventual spurious discharges occur¬ 
ring in a given interval of time (f —<r') (which may 
be varied conveniently within certain limits), fol¬ 
lowing the initial discharge. In order to do this, 
f is kept constant and, by varying the intensity of 
the source, the probability {ot*) of spurious dis¬ 
charges is determined. 


number of pulses registered by the amplifier per 
unit of time. 

Assuming 100 percent intrinsic efficiency of the 
counter, we have:^ 

A 

\^Aa 


For a low counting rate, that is, when —<r)«l, 
the previous result may be modified expanding the 
exponential term in power series and neglecting 
the terms in i4((r'“-(r) which appear with expionents 
> 1; we have: 


-[l-^((r' 

1+^cr 



1+aA 


THEORY 

The pulse from the Geiger-Miiller counter goes 
to a trigger circuit amplifier which feeds, simultane¬ 
ously, a multivibrator circuit and one of the grids 
of an anticoincidence twin tube; the other grid is fed 
by the output pulse from the multivibrator (Fig. 1). 
The arrangement is such that, one of the plates of 
the anticoincidence tube is not sensitive if the tw’O 
grids receive simultaneous pulses. Let us suppose 
now that two pulses from the amplifier follow each 
other within an interval of time {’ corresponding to 
the operating time of the multivibrator and the 
first one triggers the multivibrator. The second 
pulse cannot trigger the multivibrator and then, 
the anticoincidence tube will be fed only through 
one of its grids (the one fed by the amplifier). 
Therefore, its plates will be sensitive to tlie second 
pulse. Hence, one of the plates is sensitive to all 
the pulses coming from the amplifier, while the 
other is sensitive only to the pulses which are not 
registered by the multivibrator. 

Let (<r) be the real dead-time of the counter' and 
(<r') the minimum time interval that must elapse in 
order that the amplifier amplifies the next pulse 
after a discharge of the Geiger-M tiller counter. Call 
A the average number of particles entering the 
counter per unit of time, and Ai the average 

H. G. Stever, Phys. Rev. 61, 40 (1942). 


= .4jl-X,<T|l-/l(<r'- 


AU'-oY 

-<r)-l- - -- 

2 ! 


11 


= .4 [1 —.4 la'+ii i^A (<t' — cr) ■ • • ]. 

Since —a)«l, we may neglect the terms 
(r)*/i!] for O 1, which are very small 
compared with i4i<r'. Follows then 

Ai^A{l-A^a^). 

Hence, for low counting rates, everything happens 
as if the counter and the amplifier work together 
with the resolving power (<r'). 

Let Ai be the number of pulses from the multi¬ 
vibrator per unit of time. Suppose, moreover, that 
(n+l)(r'>f>n<7' (with n an integer and greater 
than zero). 



P'd;. 1. 


»A. E. 
(1937). 


Ruark and F. E. Brammer, Phys. Rev. 52, 322 
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Fig. 2. 
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a certain percentage of spurious pulses. When the 
number of particles counted by the counter is 
relatively small, we have already seen that: 

Acc/(Ai-Acc)^Aec/A2-Ai{^-a'). 

This means that, in such cases, the probability of a 
discharge during the interval (f due to parti¬ 
cles counted by the counter is —<r0. Now, if 

a is the probability of occurrence of spurious pulses 
in a time interval >a\ the actual number of pulses 
from the counter per unit of time is 

A^(l+a+a^+^^•)^iA^/l'-a)^A,\ (2) 

Since to each discharge (spurious or not) that 
triggers the multivibrator the probability of missing 
the next pulse (due to the law of random distribu¬ 
tion of the particles) is given by i4i({‘*”cr0, it follows 
that the number of such losses by the multivibrator 
jx?r unit of time,*is 


In these conditions, the following relation holds Aec — AiAii^ — a^). 

MCi"—( 7 w + l)< 7 '])* is the probability that a spurious 

H--- discharge will ocxur within the interval of time 

w-oAr-o kl (f —<^0 that follows a discharge (spurious or not), 

I the number, per unit of time, of losses of the 
Xexp[—+ multivibrator due only to spurious pulses is 


( 1 ): 

A 1=A2‘^A2 


In the first approximation, that is, when 
Aii^-y)/\-Ai(r^«i, Ai(r'«\, and 

we have 

(Ai‘-A2/A2)^Ai{i-<r'). (1) 

But Ai~-A 2 gives us the multivibrator losses, Ace^ 
which are measured directly at one of the plates of 
the anticoincidence tube, while Ai is measured 
directly at the other plate. Hence (1) will become: 

This formula holds for the case in which the counter 
does not give spurious discharges within an interval 
of time > 0 *' following an initial discharge. 

Consider now the case in which the counter gives 





Fig. 3. Curve corresponding to a counter that doe» not show 
spurious counts in the interval r-tr' with t** lO.SXlO''* sec. 


Ac$^ A^a'. 

But, it may hapi.)en that a casual discharge during 
the interval (f~<r') overlaps a spurious discharge; 
these cases are included both in the calculation for 
Aec and Ac$* The probability of such an occurrence 
is a'.4i(f— cr'); hence, the number of such occur¬ 
rences per unit time will be A^Aia^^^-^y). 

Calling Act the total number of pulses lost by the 
multivibrator, per unit time, we have: 

Act = A2A i(f — <r')+«^2«^“245t4 
hence 

Act/At^Axil -- ttO(f ”^0 
From (2), it follows that 

Ax^A/{\-a). 

and hence 

Aci/At^Ax'(l--a')(l-a)(^^a')+a\ 

It is evident from this that, plotting .4ci/(24i'*“24ci) 
in function of 24/, we obtain, for low counting rates, 
a straight line cutting the ordinate axis at a point 
corresponding to the value a\ If the counter has 
not registered spurious pulses during an interval 
>ir', a'»a«0, and the straight line will pass by 
the origin, and from its slope we can calculate 
If we know the value of f, we may then 
calculate <r'. 
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DJ^CRIPnON AND OPERATION OF THE CIRCUIT 

(a) The trigger amplifier is constituted by two 
7C7 tubes connected as a multivibrator; the first 
tube is direct-coupled to the sec^ond whose plate is 
connected to the grid of the first through a con¬ 
denser. The first tube conducts normally, and the 
voltages and resistances are adjusted in such a way 
that the second is normally non-conducting. The 
effect of a negative pulse coming from the counter 
is to make the first tube non-conducting, thus 
allowing the second to conduct. Adjusting conveni¬ 
ently the size of the pulse coming from the counter, 
we obtain as a result a pulse at the plate of the 
second tube, which is, in shape, approximately 
square of a duration of about 1.5 Xl(^* sec., after 
which the equilibrium condition of the multi¬ 
vibrator is restored. 

(b) The multivibrator uses two tubes, a 7J7 and 
a 7C7, to which we shall refer as (I) and (II), respec¬ 
tively. (I) is a twin tube and one of its sections, /a. 
has two control grids, one of which, Gabt controls 
also the other section /&. Tube (11) is a pentagrid 
tube whose plate is coupled by means of resistances 
to the grid Gab common to both sections of L 

The positive pulse coming from the plate of h is 
rendered negative by means of a phase inverting 
tube, in this case a 6SJ7. Under normal conditions 
sections and h are conducting, while (II) is 
non-conducting. A negative pulse at Ga will trigger 
the multivibrator, and a negative square pulse is 
obtained at the plate of tube 6SJ7. The multi¬ 
vibrator resolving time depends on the negative 
voltage at the control grid of //, on the resistance 
Rxt connected to this grid, and on the condenser C% 
which couples the plate of to the control grid 
of IL 

(c) Anticoincidence tube. The 7J7 tube was em¬ 
ployed. The control grid Ga is connected to ground 
by means of a resistance and the grid Gab common 
to both sections is maintained at a negative 
potential. Normally, h and Ib are non-conducting. 
There are three possible cases: 

(1) a pulse enters at (7.; 

(2) a pulse enters at Gcb\ 

(3) a pulse enters at 6« and simultaneously another pulse 
enters at Gab. 

Every time that grid Ga receives a pulse from the 
multivibrator, the grid Gab receives simultaneously 
a pulse from the amplifier. It may happen, however, 
that the multivibrator misses a pulse from the 
amplifier, and in this case, only the grid Gab receives 
a pulse from the amplifier. We can conclude, 
consequently, that case (1) never occurs; case (2) 
can only occur when the multivibrator misses a 
pulse from the amplifier; case (3) occurs every time 
that the multivibrator is triggered by a pulse coming 
from the amplifier. In both cases, (2) and (3), a 



Fig. 4, Curves (1), (2), and (3) correspond to ri» 10.5X10“^ 
sec., r4*»9.3Xl0^^ sec., and n* 5.3X10'^ sec., respectively, 
with voltage applied to the counter equal to 1080 volts. 

pulse comes out of the plate of Ib while only in the 
second case a pulse comes out of the plate of la. 
Therefore, we have registered through Ib all the 
pulses from the amplifier and through only 
counts missed by the multivibrator. 

An explanation is due here as to the meaning of 
the term ^^simultaneously'' which was stressed 
above. Actually, the part of the square pulse coming 
from the amplifier which feeds the grid Gab is the 
positive part, while the first (negative) part of this 
pulse feeds the multivibrator which, in turn, feeds 
at the same time grid Ga. Hence, when we say that 
the two grids are fed simultaneously, it means only 
that the two pulses which feed these grids originate 
from a unique pulse of the amplifier. In reality, 
the pulse at the grid Gab is delayed in time relatively 
to the pulse at the grid Go by a certain interval of 
time which depends on the duration of the square 
pulse at the amplifier. In this way, it is easy to 
understand the reason why the plate of section /« 
is not sensitive to the third case.* In fact, suppose 
that the grid Ga receives, at a given instant, a 
negative pulse from the multivibrator. If this pulse 
lasts during an interval of the time greater than 
the delay of the positive pulse which enters at the 



Fig. 5. Curves (1), (2), and (3) correspond to ti» 10.5 X10“< 
sec,, 9.3X10^^ sec., and rs^S.SXlO"^ sec., respectively, 
with voltage applied to the counter equal to 1160 volts. 
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grid Gafn the plate of la will not conduct because, 
at the moment when the [xjsitive pulse epters, the 
grid Ga is still negative. Nevertheless, section /& is 
sensitive to this pulse because it is controlled only 
by the grid Gat» 

EXPERIMENTAL RESULTS 

By means of the method described above, we 
tested two Geiger-Mtiller ('ounters having a brass 
cylinder cathode; one 30 cm long and 5 cm in 
diameter, and the other 10 cm long and 2.5 cm in 
diameter; both were filled with alcohol and argon 
at pressures of 9 cm and 1 cm Hg, res}>ectively. 
The first counter was tested after intermittent use 
for around three years. Two different voltages 
applied to the counter, 1300 and 1360 volts. It can 
be seen from the result obtained (Fig. 3) that the 
counter did not register spurious distrharges during 
the interval f — tr' where 1*= 10.5X10”'^ sec. On the 
other hand, the experimental curve allows us to 
determine a'. We found a' — (5.82±0.12) X lO"'* sec., 
a value which was the same for both voltages used. 
Figures 4 and 5 correspond to the set ond counter, 
which also had been in use for about three years. 
Measurements were also made with two different 
voltages applied to the counter (1080 and 1160 
volts). Three different values of f were used, 
namely: fi = 10.5 X10“'^ sec., fa = 9.3 X10'“^ sec., and 
fs —5.3X10~^ sec. The exj^erimental results ob¬ 
tained are given by the curves (Figs, 4 and 5). 
With the potential of 1080 volts (Fig. 4) we sec 
that the percentage a' of spurious discharges for the 
three different values of f given above was the same, 
the value of a' being (8.9±1.2)X10’“*. With the 
potential of 1160 volts we found a value for 
tt' = 11X10 2 corresponding to f i, and a' = lOX 10“^ 
corresponding to fa and fa. 

Discussioir 

The characteristic curve of a G-M counter 
(counting rate in function of voltage) presents a 
region called plateau in which the counting rate 
remains approximately constant. What in general 


is observed is that in the plateau region there exists 
a small increase in the counting-rate as the voltage 
increases. Curran and Rae* attribute this increase 
mainly to the multiple discharges produced by 
bombardment of the cathode by positive ions 
produced inr the discharge. Nevertheless, it seems 
that the method employed by those authors does 
not appear to be sensitive enough to measure the 
percentage of spurious discharges accurately even 
when the percentage of spurious counts is high. 
Moreover, it seems also that their method of 
measurement does not provide enough sensitiveness 
to measure percentage of spurious counts smaller 
than 1 percent. The method presented above has 
the advantage of measuring with reasonable preci¬ 
sion percentages of 0.1 percent. By the experimental 
results obtained we could explain the slope of the 
plateau as due to the existence of spurious, the 
origin of which was not yet investigated by us. In 
this way, for the Counter employed to obtain the 
curve of Fig. 3 the background counting rate 
obtained with the two voltages, 1300 and 1360 volts 
were the Sixme and it was not possible to observe 
the existence of spurious counts during the interval 
(f —ff') following an initial discharge. For this 
reason, we believed that, in this case, a^^a — 0 and 
then we could compute a' by means of the relation 
As to the second counter (Figs. 4 and 
5), the background counting rate obtained with the 
two applied voltages 1080 and 1160 volts were 
different; on the other hand, with the higher 
voltage, we obtained a percentage of spurious 
counts which explained satisfactorily the increase of 
background counting rate. 
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Magnetic Susceptibility Balance for Use at Liquid Helium Temperatures 
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(Received March 11, 1949) 

Data are presented on the design and performance of an apparatus for the measurement of mag¬ 
netic susceptibilities at the temperatures attainable with liquid helium. After extensive trials, the 
instrument has proved itself easy and reliable in operation and especially suited to measurements on 
small specimens. 


INTRODUCTION 

I N the past few years a number of different pieces 
of apparatus have been built and used in this 
laboratory for the purpose of making magnetic 
measurements at low temperatures.*“* We have 
never been entirely satisfied with any of these de¬ 
signs for work in the liquid helium region. 

In a recent article^ Hutchison and Reekie have 
described a new type of magnetic balance which 
appears to work very satisfactorily for measure¬ 
ments at liquid nitrogen temperatures. We have 
constructed one of these balances with a number of 
improvements and modifications and this has been 
in use for work in the liquid helium region for 
nearly a year. The instrument has proved itself 
very satisfactory, and in many respects much better 
than previous ones employed here, and we feel 
that some description of its construction and per¬ 
formance may be useful to others working in this 
field. 

If a body of volume v and susceptibility k (per 
unit volume) is placed in an inhomogeneous field 
II, it experiences a body force given by 

where k(t is the susceptibility of the surrounding 
medium. A magnetic balance is required to 
measure forces of the order of a few dynes with 
accuracy. For work in the liquid helium range, the 
whole balance must be capable of evacuation so 
that the specimen can be surrounded with helium 
gas at a few mm Hg pressure for heat exchange 
purposes. 

Although this method does not, in general, per¬ 
mit of absolute measurements of k owing to the 
difficulty of determining the field gradient ac¬ 
curately, this defect is not a drawback since a 
calibrating substance of known susceptibility can 
be used. The fact that very small specimens can be 
used is an advantage in many cases where these are 

• Assisted by the ONR. 

‘ S. H, Browne and C. T. Lane, Phys. Rev. SO, B99 (1941). 
lii? ^ Phys. Rev. 71, 559 (1947); Thesis Yk\o 

•S. G. Sydoriak and J. E. Robinson, Phys. Rev. 75, 118 
(1949). 

* T. S. Hutchison and J. Reekie, J, Sci. Inst. 23, 209 (1946). 


of rare material or have to be homogeneous single 
crystals. 

CONSTRUCTION 

Figure 1 shows schematically the balance, as 
evolved by us, for use at liquid helium temperatures. 

The balance arm J3, made of Lucite, is supported 
between two uprights by means of a stretched 
flat metallic ribbon S. The use of Lucite is recom¬ 
mended because of its light weight and the absence 
of any ferromagnetic impurity. The specimen X is 
at one end of the arm B supported by a quartz 
wire. The other end of the arm has a counterpoise 
W whose distance from the point of suspension 
may be varied, both W and B being threaded. 
Arm B also carries a small galvanometer mirror M 
as shown. Inside the gap of a small permanent 
magnet P is the compensating coil C. This magnet 
is from a 5-in. loudspeaker, and for C we used the 
voice coil of the speaker. It was believed that the 
field of this magnet (approximately 2000 gauss) 
was sufficiently high so that errors due to stray 
fields would be negligible. 

The electrical leads to C were of very fine flexible 
wire (No. 40 copper); one was connected directly 
to the brass base plate D ; the other came through 
a small insulated Stupakoff terminal (not shown) 
in D, The restraining force on B due to these leads 
is negligible. The weight of balance arm plus coil 
was approximately 7 g. 

Attached to the coil form of C were several strips 
of aluminum foil which, in the magnetic field of P, 
served as an electromagnetic damper. 

The balance housing H is of Pyrex glass and for 
the vacuum seal between H and D we used Apiezon 
compound. A tube (not shown) passing through 
D was used for evacuating the balance, and filling 
with helium gas. 

A rather critical element in the design is the thin- 
walled glass tube T which houses the specimen X, 
The heat capacity of this tube had to be as small 
as possible consistent with sufficient mechanical 
strength, for reasons which will presently be dis¬ 
cussed. The helium (Ph) and nitrogen (Pn) Dewars 
were of conventional design, silvered and with 
viewing slits, and both made of Pyrex glass. The 
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pole pieces of the Weiss electromagnet 00 were of 
the type used by Foex and Forrer.* These have the 
advantage of making H{dH/dx) relatively constant 
over a distance of several millimeters and hence, a 
certain leeway is permissible in replacing the meas¬ 
ured specimen by the calibration specimen. With 
our magnet and these pole pieces, a maximum 
field of about 7000 gauss was obtainable at the gap 
(4.2 cm) necessary to accommodate the Dewar 
flasks. 

Reference has been made to the special require¬ 
ments for lube T. The helium Dewar is filled at 
the liquefier and transported to another room where 
the balance is set up. This latter contains a few 
mm Hg pressure of pure helium gas. With the 
magnet out of the way (it slides on rails), T is 



Fig. 2, Relation between force on the balance and 
« compensating current. 


‘ G. Fbex and R. Forrer, J. de phys. et rad. 7, 180 (1^26). 


precooled with liquid nitrogen. This precooling 
flask is removed and replaced by the liquid helium 
Dewar as rapidly as possible. With T about i-in. 
diameter by 0.01-in. wall, the loss of liquid helium 
is nominal. 

Of the several materials tried for suspension 5, 
phosphor bronze and nichrome were found to be 
best. This was usually a ribbon, approximately 
0.005-in. thick, cold rolled in three stages from 
0.012-in. diameter wire with gas flame anneal be¬ 
tween each rolling. Nevertheless, in measurements 
at liquid helium temperatures, difficulties were at 
fTrst experienced due to hysteresis in the suspen¬ 
sion. At these temperatures the resistivities of 
many metals (especially single crystals) are ex¬ 
tremely small. Hence, in changing the magnetic 
field, large and persistent eddy currents are induced 
in the sample and these give rise to very large 
diamagnetic forces,on the specimen. Thus, very 
large deflections of the balance occur and these 
were found to result in a semi-permanent set in the 
suspension 5 such that the zero would change with 
time. We overcame this by placing stops (not 
shown) near the balance arm such that the latter’s 
motion was limited to a very small amount. 

Although we have not, as yet, tried it, it seems 
possible that the following modification of the 
balance suspension would be usable. In place of 5 
. a rigid rod could be used, each end of which ter¬ 
minated in a micro ball bearing** attached to the 
uprights. Such a “fiber” would, of course, have 
virtually zero restoring torque and be free from 
the above difficulty. 

The optical system of the balance consists of a 
light source L (32 cp auto bulb), a prism F and a 
Type 920 split cathode photo-tube JE. The two 
cathodes of E form two arms of a Wheatstone 
bridge, the remaining two arms containing two 
fixed 10-megohm resistors. The bridge is supplied 
by a 135-v “B” battery, and a galvanometer is 
used as the indicating instrument. A spot of light, 
which is the image of the circular aperture is 
reflected as shown. The photo-tube is adjusted 
mechanically until a position is obtained where the 
galvanometer reads zero. A small deflection of B 
throws the bridge off balance and the current is 
adjusted in C until the galvanometer again reads 
zero. This compensating current is thus a measure 
of the force on the specimen. With a constant light 
source and the photo-tube and balance shielded 
from stray illumination, the stability of the galvan¬ 
ometer 8pot was found to be excellent and a mag¬ 
nification of 200 times was obtained using this 
circuit. In addition to better sensitivity, much less 


**Such micro bearings in uon-magnetic material are ob¬ 
tainable from New Hampshire Balt Bearings, Inc., Peter¬ 
borough, New Hampshire. 
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Fig. .L Magnetic susceptibility of vanadium at 3.5®K. 
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Fig. 4, Magnetic susceptibility of a single crystal of 
mercury at 4.2 ®K. 


eye fatigue is experienced with this arrangement as 
compared to the usual microscope and slit system. 

We used si>ectroscopically pure (Johnson, Mat- 
they and Company) polycrystalline bismuth as our 
calibrating substance, taking the room temperature 
mass susceptibility as 1.34X10“*^. In all measure¬ 
ments the susceptibility of the medium (JSjo) is 
negligible. A difficult field gradient measurement 
and the necessity of determining the forces in 
absolute units is thus evaded. 

PERFORMANCE 

Figure 2 shows that the balance is satisfactorily 
linear over a wide range of forces. A force of 1/20 
of a dyne is detectable. From a large number of 
measurements carried out in the past year we have 
selected two examples to illustrate the performance 
of the instrument. Figure 3 shows the susceptibility 
of a polycrystalline vanadium specimen as a func¬ 
tion of magnetic field at 3.5'*K. The sample was 


roughly spherical in shape with a diameter of about 
3 mm and weighed approximately 0.17 g. The ma¬ 
terial was about 99.8 percent pure. At about 2.2 
kilogauss the vanadium suddenly becomes highly 
diamagnetic, indicating a transition into the super¬ 
conducting state. 

Figure 4 shows the diamagnetic susceptibility 
of a single crystal of mercury as a function of the 
angle (^) between the magnetic field and the 
principal axis of the crystal. The mercury crystal 
was of extreme purity (impurity 6X10“^ percent) 
and the measurement was made at 4.2in a field 
of 5250 gauss. The solid line in Fig. 4 is the expected 
(cosine)* law, provided that no field dependence of 
susceptibility exists (DeHaas-van Alphen effect) 
and the circles are the experimental points. 

By replacing the electromagnet with suitable 
air-^ore solenoids or Helmholtz coils, the device 
should be well suited for magnetic measurements 
in the sup)erconducting phase. 
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A Large Cloud Chamber Using Rear niumination 

E, W. Cowan 

California TnstUuU of Technologyt Pasad^My California 
(Received November 30, 1948} 

A large cloud chamber is described that makes use of rear illumination by means of a transparent piston 
and back plate. This system of illumination is particularly advantageous for a large cloud chamber since 
the increase in the amount of scattered light for small angles of scattering from droplets reduces the total 
light required. 


A LARGE cylindrical cloud chamber 87 cm in 
diameter and 15 cm in depth was constructed by 
Anderson and Neddermeyer in 1937. This same chamber 
with a few modifications has recently been placed in the 
pressurized cabin of a B-29 airplane and 35(K) pictures 
have been taken without magnetic field at altitudes up 
to 13,500 meters. Since the chamber has operated very 
satisfactorily for these experiments and is of somewhat 
unconventional construction, the following description 
is given. 

A photograph of the chamber mounted in the cabin 
of the aiiplane is shown in Fig. 1. A cross-sectional view 
of the chamber in Fig. 2 indicates the method used to 
obtain an axial expansion. A circular glass diaphragm, 
connected to the chamber by a ring-like rubber mem¬ 
brane, is supported by rollers resting on the lower 
part of the chamber walls. Compressed air admitted to 
the cavity behind the diaphragm (on the side opposite 
to that of the cloud chamber) moves the diaphragm 
forward and compresses the gas in the chamber, which 
is 10 or 20 cm Hg pressure above the outside pressure 
with the chamber in the expanded position. Expansion 
is accomplished by suddenly releasing this compressed 
air into the cabin through a large valve. 

Eight equally-spaced push-rods are connected to a 
brass ring that surrounds the glass plate forming the 
diaphragm. The push-rods pass through sleeves in the 
rim of the cavity behind the chamber to aid in guiding 



Fig, 1. Front view of cloud chxmber mounted in cabin of B-29 
airplane. Cameras appear on stand in front of chamber. 


the diaphragm. Alternate push-rods are supplied with 
adjustable nuts that limit the forward motion of the 
diaphragm and thus control the expansion ratio. Springs 
on the other push-rods are adjustable so that the dia¬ 
phragm will remain perpendicular to the axis of the 
chamber during the expansion. 

Figure 3 shows the manner in which three horizontal 
plates, one of carbon and two of lead, have been 
arranged inside the chamber for the high altitude experi¬ 
ments. Four wires, supported above and below the set 
of plates, and the center one of the three plates, arc 
lowered to a potential of from 500 to 1000 volts below 
the potential of the outer two plates and the chamber 
walls to provide a sweep field for the chamber. An 
electric field of the order of 50 to 100 volts per centi¬ 
meter is thus maintained in the chamber until the 
moment of the expansion. 

As the diaphragm moves to expand the chamber, 
a mechanism connected to the push-rod at the top of the 
diaphragm short circuits the sweep-field circuit and 
reduces the sweep field to a small value. Simultaneously 
the same mechanism uncovers a hole and drops a small 
shot. The short flash of light illuminating the chamber 
to photograph the tracks also photographs the shot 
during its fall. In Fig. 5 the shot is indicated by an 
arrow just below the center of the bottom plate in the 
chamber. From a measurement of the distance the 
shot has fallen, the time interval between the short- 
circuiting of the sweep field and the instant of taking 
the picture may be calculated. 

Tracks produced by particles passing through the 
chamber before the removal of the sweep field are 
spread out or separated by the action of the sweep field 
on the ions. The tracks appearing unseparated in the 
photographs are therefore caused by particles passing 
through the chamber after the removal of the sweep 
field. For a particle to produce a track appearing on 
the photograph, its passage also must have preceded 
the light flash by at least the time required for droplets 
to grow large enough about the ions to be photographed. 
Therefore the period of time between the removal of 
the sweep field and the light flash, as measured by the 
fall of the shot, minus the time required for droplets to 
grow large enough to be photographed (of the order of 
0.050 to 0.100 seconds) is the sensitive time for tracks 
which show no separation by the sweep field. This is 


492 


CLOUD CHAMBER USING REAR ILLUMINATION 


493 


true provided that the flash of light is delayed only a 
sufficiently short time (of the order of a few tenths of a 
second) after the expansion m that the gas of the 
chamber is still capable of forming droplets about ions 
and is thus sensitive to particles at the time when the 
flash of light occurs. 

Two Type K-25 aerial cameras have been modified 
for use with the chamber by adding an 0.75-diopter 
lens immediately in front of the camera lens, which is 
normally focused for large distances. The cameras are 
placed as shown in Fig. 4. Simultaneous pictures are 
taken from two different angles to provide a stereoscopic 
view of the chamber. Each camera takes 50 pictures, 
13.9 cm by 11.4 cm, on a 6-meter roll of triple-X 
(exposure index 200) panchromatic film. Most of the 
jiictures have been taken with a lens aperture of f: 16. 

Illumination is provided by four krypton-filled flash 
bulbs, each connected to a 23 txi condenser charged to a 
potential of 2000 volts. These flash bulbs and their 
jx)wer supplies are part of a Model S-1169 Army Signal 
Corps light identification unit. Since this unit is de¬ 
signed to operate on the standard 24-volt d.c. aircraft 
supply, it can be used with only minor modifications. 
Four of the Model X-400 flash-bulb units arranged in 
a straight line approximate the desired line source and 
are rugged and simple to mount. 

The front plate of the chamber, the diaphragm, and 
the back plate of the air-filled cavity behind the cham¬ 
ber are all of ^Tuflex*' glass so that the chamber is 
essentially three transparent circular disks arranged to 
form a cylinder, with the center disk the movable 
diaphragm. This allows the chamber to be illuminated 
from the rear (side opposite from that of the cameras) 
as shown in Fig. 4. Because the spherical droplets in 
the chamber scatter many times more light per unit 
solid angle through a small angle of deviation than 
through a large angle, such rear illumination requires 
only a small fraction of the energy for lighting demanded 
by right-angle illumination with the light sources at 
the sides of the chamber. An arrangement of chromium- 
plated iron mirrors, shown edge-on in the side view in 
Fig, 4, helps distribute the light in the chamber so that 
tracks in different parts of the chamber will scatter 
more nearly equal amounts of light into the cameras. 




Fig, 3. Arrangement of plates in chamber. 


The arrangement of the mirror system is symmetrical 
with respect to a horizontal plane through the center 
of the chamber. A more even distribution of illumination 
can be obtained by using brighter lights at a greater 
distance from the chamber. However, this was not 
j^ermitted by the space available in the cabin of the 
airplane. Direct rays of light and rays scattered through 
only a very small angle are prevented from entering 
the cameras by arranging the source and mirrors so 
that they are hidden behind the carbon and lead plates 
mounted in the chamber, in the manner indicated in 
Fig. 4. 

Argon gas saturated with ethyl-alcohol vapor is used 
to fill the chamber. Although the chamber has been 
tested to withstand a pressure of one atmosphere above 
the surrounding atmospheric pressure, a pressure some¬ 
what less than half of this value (with the chamber in 
the compressed position) has been used for most of the 
high-altitude exj^eriments because of the possible danger 
of losing pressure in the pressurized cabin in which the 
chamber was placed. 

In order to insure that the gas near the top of the 
chamber is saturated wdth alcohol vapor, alcohol is 
pumped from a small pool in the bottom of the chamber 
through a filter and check valve up to two small pipes 
entering the top of the chamber. From these pipes the 
alcohol squirts onto the rubber pari of the diaphragm 
and runs down again to the pool at the bottom of the 
chamber, providing a surface of alcohol of considerable 
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area from which evaporation can take place. The alcohol 
pump is run only for a few seconds during the waiting 
part of the cycle of operation, when the diaphragm is in 
the position which compresses the chamber gas. 

Regulation of the air pressure which controls the 
position of the diaphragm is accomplished by means of 
pressure-reducing valves and electrically-operated shut¬ 
off valves. Since the rubber part of the diaphragm is not 
perfectly stiff, changing the differential pressure across 
the diaphragm changes the chamber volume slightly 
even when the diaphragm is against the stops, thus 
providing a fine adjustment of the expansion ratio in 
addition to the rather coarse mechanical adjustment of 
the stops. Adjustment of the springs that control the 
angle of the diaphragm during its movement is best 
accomplished by watching as the chamber expands the 
relative motion of the images of a small light reflected 
in the three glass plates. 

The air used to compress the chamber is dried to 
prevent the appearance of a cloud of water droplets 
behind the diaphragm on expansion and is warmed 
slightly to prevent cooling of the diaphragm and the 
resultant condensation of alcohol on the chamber side 
of the glass. 

Operation of the chamber is controlled electrically 


during each cycle is desirable for a few cycles when 
first placing the chamber in operation after filling it, 
further slow expansions are not necessary. 

A typical photograph obtained with a random ex¬ 
pansion at an altitude of 12,100 meters is shown in 
Fig. 5. A light delay long enough to take advantage of 
most of the sensitive time of the chamber was used. In 
some of the flights the length of time the light was 
delayed after the expansion was considerably reduced 
to decrease the number of tracks and the resultant 
confusion in each photograph. When the pictures are 
viewed stereoscopically, the effect of separating the 
tracks in a third dimension makes their interpretation 
clearer. Views from both cameras are shown in the 
final enlargement in Fig. 5. In Fig. S the photograph 
at the upper right shows an enlarged view of the region 
of the chamber enclosed by the rectangle shown in the 
left-hand photograph. A further enlargement is shown 
in the lower right-hand view which includes that part 
of the chamber enclosed by the rectangle which appears 
in the upper right-hand view. The successive enlarge¬ 
ments show the large amount of detail which appears 
on these photographs, and show also the number 
and variety of tracks recorded by a .single expan- 


by means of conventional circuits. Pictures have been 
taken both with the chamber expanded at predeter¬ 
mined intervals and with counter control. A cycle of 
operation with the former type of control requires 
approximately one minute. Although a slow expansion 




Fio. 5. Typical chamber photograph (long light delay) at 12,100 metera altitude. Enlargementa allow detail in right center of picture. 
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sion of the chamber at high altitude. Some results 
obtained with this equipment have previously been 
reported.*'^ 

I wish to express my indebtedness to Professor C. D. 


Anderson, who provided much helpful advice in the 
course of these experiments. 

* E. W. Cowan, Science 108, 534 (1948). 

• Adams, Anderson, and Cowan, Rev. Mod. Phys. 21, 72 (1949). 
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The Ten-Channel Electrostatic Pulse Analyzer 

Dean A. Watkins 

Los Alamos Scientific iMboratory, Los Alamos^ New Mexico 
(Received March 17, 1949) 

A ten-channel pulse height diflcriminator using a beam deflection tube is described. The instrument 
provides one-volt channels and has a high degree of stability. Essential circuits are given so that the 
analyzer may be readily duplicated. Performance and limitations are discussed. 


T O determine the energy spectra of particles in 
nuclear experiments, one method is to meas¬ 
ure the height of pulses produced by the particles 
in an ionization chamber. Ordinarily these pulses 
are amplified and then sorted and counted by 
means of a counting circuit which incorporates a 
pulse-amplitude discriminator. In its usual form, 
this discriminator will produce a standard output 
pulse for input pulses exceeding a certain amplitude 
and will produce no output if the pulses are less 
than this amplitude. The discriminator level, or 
bias, is adjustable, and by taking consecutive sets 
of data, the well-known integral-bias curve is ob¬ 
tained. Another method employs a discriminator 
that responds to voltage pulses in a certain interval 
and does not respond to pulses outside this interval. 
Taking successive sets of data gives a differential- 
bias curve. 

A device employing "'n'* single-channel dis¬ 
criminators responding to adjacent voltage inter¬ 
vals has been described by Freundlich, Hincks, and 
Ozeroff.* These analyzers employ 12, 20, and 30 
channels. Similar instruments using ten channels 
have been built and are now being used at the Los 
Alamos Laboratory. These analyzers, although 
having several disadvantages, have proved very 
useful. In spite of regulated power supplies, it has 
been necessary to recalibrate them frequently, each 
of the ten channels having to be set individually. 
The smallest channel width obtainable has been 
about two to four volts. Physically, the analyzers 
are large and employ 168 vacuum tubes. 

To overcome these limitations, a ten-channel 
analyzer using an electron beam tube has been de¬ 


> Freuftdlich, Hinck«, and Ozeroff, Rev. Sci. Inst. 18, 90- 


vised. The analyzer is shown in Fig. 1. It occupies 
six 8J-inch chassis in a standard relay rack. The 
units are, from top to bottom, (1) a pulse generator 
for calibration, (2) a pulse amplifier, (3) the ana¬ 
lyzer chassis, (4) five “scale-of-sixteen*’ scalers, 
(5) five *‘scale-of-sixteen’* scalers, and (6) the 
analyzer power supply. The ionization chamber and 
its preamplifier are the only additional items of 
equipment required. 

Deflection Tube 

The heart of the analyzer is the X150 beam 
deflection tube shown in Fig. 2. Its internal struc¬ 
ture is shown in Fig, 3. The tube was developed by 
the Federal Telecommunication Laboratories at 
Nutley, New Jersey, as an outgrowth of their work 
on beam tubes for electronic switching and multi- 
plexing.2 

The operation of the tube as a pulse amplitude 
discriminator is shown in Fig. 4. The pulses from 
the amplifier are made push-pull and applied to the 
deflection plates. Initially the beam is deflected 
above the region of the dynodes by applying a d.c. 
voltage to the deflection plates. As the pulse is 
applied, the beam travels downward a distance 
proportional to the amplitude of the pulse, causing 
it to fall on one of the dynodes. In practice the beam 
is cut off during the first part of this interval by a 
negative bias on the focusing and gating electrode. 
One microsecond after the beginning of the input 
pulse the beam is gated on for 1.5 microsecond. 
Since the beam is off during the rise and fall of the 
input pulse, an output signal actually occurs only 


‘Grieg, Glauber, and Moskowitz, Proc. LR.E., 35, 1251- 
1257 (1947). 
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during the flat top portion of the pulse, thus avoid¬ 
ing an output signal on other dyncxies duting its 
rise and fall. The result is a 1.5-mi(Tosecond voltage 
pulse appearing across the corresponding dynode 
load resistor. This pulse is amplified and counted. 



Fig. 1. The ten-channel analyzer. Unite are from top to 
bottom, (1) a pulae generator for calibration, (2) a puJae 
amplifier, (3) the analyzer chaesia, (4) five ‘'scale-of-sixteen*' 
scalers, (5) five “scale-of-sixteeh” scalers, (6) the analyzer 
power supply* 



Fig. 2. The XI50 beam deflection tube. 


The dynodes are operated at a voltage somewhat 
less than that of the anode to encourage secondary 
emission. Jn the X150 tube the dynode current 
with the beam centered on a dynode is of the order 
of 100 microampere^. The deflection sensitivity of 
the tube is about 1.5 volts per dynode width. The 
ratio of beam width to dynode width is such that 
the dynode output current goes to zero when the 
beam strikes between two dynodes, A plot of dy- 
luxle output versus deflection voltage is given in 
Fig. 5. The beam is line focused. 

Analyzer System 

A block diagram of the system employing the 
X150 deflection tube is shown in Fig. 6. The Model 
101 pulse amplifier is of the feed-back type with a 
gain of 74 db. It has a rise time of 0.5 microsecond 
and will produce 125-volt positive pulses without 
overloading. At its input, the pulses from the 
chamber preamplifier are differentiated (clipped) 
with a time constant of 3 to 5 microseconds. The 
remainder of the system with the exception of the 
scalers and registers occupies a single chassis (Fig. 
7), the complete schematic for which is shown in 
Fig. 8. The pulses from the amplifier are fed into 
a pulse-lengthening circuit which generates flat- 
lopped pulses having a duration of 3 microseconds. 
Each pulse has an amplitude proportional to that 
of the corresponding input pulse. The input pulse 
is also applied to a 1-microsecond delaying ampli¬ 
fier. The delayed pulse triggers a univibrator which 
generates a rectangular gating pulse of about 65- 



Fig. 3, The internal structure of the XI SO tube 
showing path of electron beam. 
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Fici. 4. The deflection tube schematic showing o{>erHting 
voltages and input signal. 

volt amplitude having a rise time of less than 0.05 
microsecond and a length of 1.5 microsecond. This 
pulse goes through a cathode follower and is then 
applied to the gating and focusing electrode. 

The ten dynodes of the deflection tube are 
coupled to ten two-stage pulse amplifiers which 
drive cathode followers. The cathode followers are 
coupled with short lengths of cable to the ten 
scaler-registers. 

Controls and Adjustments 

'I'he from panel controls and their uses are as 
follows: 

1. Run-Stop'' Switch, This switch inactivates 
the gating pulse generator, thus preventing the 
analyzer’s responding to input pulses. 

2. ''Discriminator Bias." This control consists of 
a two-gang, ten-turn helical potentiometer with a 
linearity of 0.1 percent. It changes the d.c, deflec¬ 
tion voltage on the tube, thus permitting the 
operator to slide the ten channels up or down the 
voltage spectrum over a range of from zero to 100 
volts. 

3. "Attenuator " The attenuator is just what the 
name implies. Set on ’T,” the ten channels cover 
a range of 10 volts and are thus 1-voIt channels. 
With the attenuator set at “10,” the input pulses 
are attenuated by a factor of 10. Hence, the ten 
channels cover an effective range of 100 volts 
giving 10-volt channels, in this position the opera- 
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Fig. 5. A plot of dynode output current versus deflection 
voltage for the Xl50 beam tube. 
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Fio. 6. A block diagram of the analyzer systetii. 

tion covers in one setting the entire voltage range 
up to the limit of the amplifier. 

The remainder of the controls are screwdriver 
adjusted. The potentiometer marked “Calibration” 
is set so that the ten channels occupy an effective 
interval of ten volts. The “Focus” control is ad¬ 
justed for optimum beam focus as observed with an 
oscilloscope tied to two adjacent dynodes. The 
“Gating Bias” control is also adjusted for optimum 
focus with pulses applied to the analyzer. The 
“Dynode Voltage” potentiometer is set for maxi¬ 
mum secondary emission. 

Channel Width 

The channel widths are set individually by 
means of bias controls on discriminators at the 
inputs of the ten scalers. A plot of channel width 
versus pulse height is given in Fig. 9, which shows 
that the individual channels occupy half the in¬ 
terval from channel to channel. Actually, by re¬ 
setting the discriminators, the channels can be 
made to occupy the whole interval. 

Scalers and Power Supply 

The scalers used in this instrument are conven¬ 
tional “scale-of-16” scalers driving Production In- 



Fig. 7. Rear view of the analyzer chassis showing 
arrangement of components. 






Fig. 8. Complete schematic for the analyzer chassis. 


struments Company registers capable of about 20 
counts per second. This makes possible a counting 
rate of 320 per second per scaler for regularly spaced 
pulses, or an over-all rate of about 2500 counts per 
second for the analyzer. 

The power supply for the analyzer chassis is an 
electronically regulated type delivering 300 volts 
at ISO ma and —150 volts at 25 ma. The circuit 
is given in Fig. 10. 



iP^XM. MlW.tTUOt)“lOOOM«M*TOR 
IN VQLn 


Fig. 9. Calibration chart for the analyzer showing channel 
width pulse height. Each channel occupies half the 

interval from oiannel to channel. 


Performance 

The performance of the analyzer depends largely 
upon the conditions existing in a given experiment. 
The important factors to consider are (1) average 
counting rate, (2) rise time of the input pulses, and 
(3) over-all stability. 

(1) The highest permissible counting rate for the 
analyzer is determined by the capacity of the 
mechanical registers and the statistical error which 
can be tolerated. For less than 1 percent loss, the 
average density should be 250 counts per second 
assuming that the pulses are uniformly distributed 
over the ten channels. 

(2) For the unit here described, the input pulses 
must rise to full amplitude in 1 microsecond or less. 
Howevef, by changing the two delay lines the 
analyzer may be used with pulses having a rise 
time as long as 10 or 15 microseconds. Since the 
pulses are differentiated at the input of the ampli- 
iier, the decay time of the chamber pulses is not 
important. 

(3) The over-all stabUity of the analyzer de- 
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pends on (a) the stability of the pulse amplifier, 
(b) the stability of the voltages on the deflection 
tube, and (c) the stability of the discTiminators 
preceding the scalers, 

(a) The stability of the amplifier has proved to be excellent. 
The stability factor (/3K) is 100 and it is operated from its 
own electronically regulated supply. 

(b) The voltages on the deflection tube are also obtained 
from a regulated supply whose output voltage is within 0.03 
fiercent for ten percent line and load fluctuations. 

(c) The voltages on the scaler discriminators are also well 
regulated and are insensitive to line fluctuations. 

No measurable change in calibration of the over¬ 
all system has been detected since it was first 
adjusted. However, to satisfy the operator, a pulse 


generator is provided in order that the various 
calibrations may be checked from time to time. 
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A Precision Automatic Electrometer* 
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A triple-range portable electrometer suitable lor the precision measurement of currents of the order 10“^^ 
to 10“*< amp. is described. Current is measured in terras of the automatically registered time interval 
required to charge a condenser up to a certain voltage. The use of negative feedback and special operating 
conditions for the input FP-54 Pliotron allow current to be simply determined to within 0.1 percent. Radio¬ 
type dry batteries, which operate the instrument completely except for a timer, are contained within the 
amplifier and will last at least 250 hours. 


INTRODUCTION 

ANY of the important characteristics of radio¬ 
active substances can best be determined from 
measurements with an ionization chamber and elec¬ 
trometer. In cases where a large number of such meas¬ 
urements involving currents of the order of 10““ to 
10~“ amp. are to be made with great accuracy, the 
construction of a suitable electrometer may pose a 
problem. The present electrometer, although more ex¬ 
pensive to construct than most of those described 
previously in the literature, gains considerable advan¬ 
tage in accuracy and convenience of operation. The 
simultaneous measurement of two currents can he 
accomplished with an extension of the method em¬ 
ployed, with the result that, even though they may both 
arise from a widely fluctuating source, an accurate 
value of their relative intensity can be obtained. 

THEORY 

The fundamental theory of the instrument, involving 
the application of negative feedback, has been discussed 
previously by Roberts,^ and more completely by Lea f 
the elements of the theory are as follows: 

Referring to Fig. 1, suppose we add a charge dQ to 
the input electrode, thereby changing its voltage by an 
amount dE, The output voltage will then change by 
dV—~AdE and we will have 


dQ^CdEWdE-dV) 

= -CdF[l + (C+Co)//lCG 



* This instrument was partially completed at the National 
Research Council, Ottawa, Canada. 

; S, Robcru, Rev. Sci. Inst. 10, 181 (1939). 

> D. E. tea, J. Sci. Inst, 3, 89 (1937). 


where t is the time interval in which the output voltage 
changes an amount F. The use of a fairly large amplifi¬ 
cation (say 10*) not only reduces the determination of I 
to readily measurable quantities but, because of the 
subsequent limitation of the range in the input voltage 
to a small value — V/A)y it also limits the con¬ 
duction current in the input-system insulators and 
permits a special method of stabilizing the input 
electrometer tube. The permissible ground-feed-back 
capacity ratio, Co/C, depends upon the accuracy desired 
and the stability of the amplifier. Again referring to 
Fig. 1, we have for /?, the dynamic output resistance of 
the amplifier 

l/R=gX/(C+Co)+^mA4, (2) 

where gm is the over-all transconductance. The percent 
error caused by a drift, A/, in the output-current condi¬ 
tions over the time t is therefore 

~ lOOA/ • A (C+Co) - lOOA/ 

r--^-(1+Co/C). (3) 

Vg^{C+C,+AC) Vg^ 

The relative uncertainty in a measurement intro¬ 
duced by random fluctuation in the current source is 
proix)rtional to (CT)"!. This uncertainty in a measure¬ 
ment by an integrating instrument is less than that of a 
measurement occupying the same time interval and 
obtained with any other type of instrument. 

APPUCATION OF THE THEORY 

As shown in the photograph, Fig. 2, the instrument 
consists of an electrometer head connected through a 
five-foot cable to the main amplifier which operates the 
timer. The electrometer head is an evacuated brass box 
containing an FP-54 Pliotron, a special relay, three 
feed-back condensers, and a range switch (operated by 
the knob on the side). These components are indicated 
within the dotted area at the upper left of the circuit 
diagram given in Fig. 3. The main amplifier contains 
the additional amplifying tubes, a special relay, and 
all the batteries necessary to operate the instrument; 
these components are shown in the remainder of the 
circuit diagram. When standardized readings are de¬ 
sired, the fixed voltage V^i,S v can be measured to 
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within 0.1 percent with a suitable external voltmeter or 
potentiometer (not shown in the photograph). The time 
interval t is read to 0.1 sec. with the sixty-cycle timer 
shown. Error due to drift, which automatically shows 
up at the end of a reading, will generally be less than 
0.1 percent for time intervals up to 1000 sec. and a 
capacity ratio, Co/C of ten or less. 

CIRCUIT AND OPERATION 

The initial stage of the amplifier consists of an FP-54 
operated as a stable voltage amplifier with a grid current 
less than 10~^^ amp. The conditions under which this 
may be done have been discussed in some detail in a 
previous article.^ The intermediate stage employs the 
triode section of a 3A8GT and has a gain of approxi¬ 
mately 30. The internal construction of this latter tube 
secures considerable stability when the filament is con¬ 
nected as shown. The final stage, giving a gain of KXX), 
consists of the pentode section of the above tube with 
another 3A8GT pentode section as a load resistance. 
The use of a pentode as a load resistance has been de¬ 
scribed by Meissner,^ Schmidt,® and Horton.® The 
remaining 3A8GT triode section is used as an amplifier 
to control the 1C21 thyratron which in turn operates 
the relay system. The correct conditions for a stable 
degenerative amplifier have been given by Nyquist^ and 
are met here by the introduction of the phase-shift 
network in the input of the final stage and 

the capacity C? across the output. The constants in this 
system are chosen, however, on the assumptions that 
any capacity between the output system and the FP-54 
plate lead is eliminated, and that the capacity to ground 
of the latter is kept less than IOOmm^- 

The over-all operation of the circuit is as follows: If 
switches and St are in positions 3 and 2, respectively, 
the relay Mx will ground the input and the output will 
be *^grounded’' to lOJ v. When the timer is stopped 
(by adjustment of Pt if necessary), the microammeter 
will indicate the d.c. balance of the amplifier: the fila¬ 
ment control Pi and the coarse and ^e zero-setting 
controls Pa, Pi may then be adjusted. The precise ad¬ 
justment of the timer control P« can be accomplished 
by first backing it off, whence a flick of St will de¬ 
ionize the thyratron and thus start the timer, and then 
advancing it slowly until the timer “just stops.” The 
instrument can now be put in the current-measuring 
state by first setting 5a in position 2 and then giving St 
a momentary depression. The release of the relay Jlfa, 
brought about by the depression of 5$, changes the 
output voltage from 10^ to 6 v, starts the timer and 
fijially opens the circuit for the relay Mu The relay M\ 
first frees the input circuit and then the output. After 
the presence of input current has caused the output to 

® N. T. Seaton, Can. J. Research F, 26, 302-309 (1948). 

®E. R. Meissner, Electronics 6, 195 (1933). 

•0. H, Schmidt, Rev. Sci. Inst. 4, 661 (1933), 

«J, W. Horton. J. Frank. Inst, 216, 749 (1933). 

’E. Nyquist, Bdl Sys. Tech. J. 11, 126 (1932). 



Fio. 2. A photograph of the electrometer. Attached to the input 
is a small ionization chamber. 


drift through 4^ v, the thyratron will fire and the relay 
Mi will close, The closing of Mi stops the timer and 
activates the relay Mx- Upon completion of the cycle 
of operations thus, any accumulated amplifier drift will 
show up on the galvanometer. The instrument may, of 
course, be remov^ed from the current-measuring state 
at any time by setting 52 in position 3. If the instrument 
has been warmed up for fifteen minutes or so, the initial 
adjustment of Pi and Pt should last at least ten hours 
while Pt may require adjustment every two or three 
hours. Successive measurements are thus just a matter of 
reading the timer^ and depressing St far each measure- 
meniy coupled with an occasional adjustment of Pu When 
standardized readings are desired, the measurement of 
the voltage V may be accomplished as follow^s. After 
setting 5s in position 3 and 52 in 1, one may connect 
the external voltmeter or potentiometer to the jacks F, 
adjust P\ for zero galvanometer reading, and then 
adjust it again with 53 in position 1. When the measure¬ 
ment has thus been obtained the voltmeter or potenti¬ 
ometer should be disconnected. Since the load on the 
“C” battery supplying the voltage V is only per 
current-measuring cycle, such a determination of V is 
good for a considerable lime, barring of course large 
temperature fluctuations.** 

Construction Details 

Some of the more significant details employed in the 
construction of the electrometer head are as follows. 
The three feed-back condensers all employ guard-ring 
construction and polished*** polystyrene insulation. 
The insulator for the smallest feed-back condenser 
should be preferably of rod rather than disk shape. The 
two smaller feed-back capacities are adjustable from 
beneath the base to give convenient scaling. Metal 
bellows keep the vacuum here as well as for the range- 
switch mechanism. The range-switch employs a polished 
polystyrene rod for the rotor insulation while the stator 
contacts are supported from the condensers. The input 
lead insulator should be made from a length of good- 

** Mean temp, coeff. per cell is t.OX 10~* v/*F between 63 and 
70*F (International Critical Tables VI, 316). 

Polystyrene can be readily polished with jewelcris rouge in 
oil; afterwards it should thoroughly washed in ethyl alcohol. 
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Fig. 3. Circuit diagram of the electrometer. 

Parts list: 


Ri 

50 

-- 

Cl 

220 nyA 

P^ 

1 K 

R 2 

LSK 

Cz 

22 MMf 

Pi 

6 -- 


1* 

M 

C, 

2.20MMf 

Pt 

10 M (dual) 

/?4 

30* 

M 

Ca 

O.lOMf 

Pa 

0.SU 

Ri 

5 

M 

a 

O.lOjuf 

Pi 

10 M 

Ri 

4 

M 

c« 

0.2SMf 

Pi 

5 M 

Rr 

25 

K 

c? 

O.OSMf 



Rh 

30 

K 

Cn 

10 fd 

S\ 

range switch (see text) 

R 9 

20 

M 

cy 

50 

St 

Dpjpos. lever 

Ria 

2 

M 

Cio 

2000 

St 

nP3Pos, lever 

Rn 

20 

M 

c 

lead capacity (see text) 


(spring ret. 1 to 2) 

Rn 

2 

K 

B 

67i-v Minimax 

s 

6PST on-off sw. 

R^z 

2 

M 

Be 

75-v hear, aid bat. 







(min. cap. to grnd.) 

Ml 

170 spec. rcl. 





Other batteries of 

Mt 

10 K (see text) 


voltage indicated, 
at l.S V per cell 

• Varies with diff. KP-54 j. 

quality fused-quartz tubing (8 mm O.D.). After a to magnetic fields, the relay Mi should be of the corn- 
thorough washmg with alcohol, then water, it should be pletely enclosed type. Polished platinum is satisfactory 
heated to SOO^C or so, and from then on the insulating for use in the two sets of self-wiping contacts of this 
surface should never be touched with anything. The relay. It is essential that the contact set 1 should open 
input lead and the insulator itself are readily sealed m before set 2 at the beginning of each current-measuring 
place with De Khotinsky medium cement. The re- cycle. De Khotinsky medium cement is satisfactory for 
mainder of the leads are brought out at the rear through sealing the top cover plate in place, however, the 
Kovar seals. The FP-54 is mounted horizontally and remainder of the box should not be overheated as other- 
should have a grounded coating of Aquadag almost to wise the polystyrene insulators will soften. The elec- 
the shoulder of the bulb. As the FP-54 is quite sensitive tromcter head is evacuated (through a small needle 
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valve in the rear) primarily to reduce ionization currents 
in the feed-back condensers arising when the instrument 
is operated in the presence of radiation. Since for this 
purpose a vacuum of several millimeters is sufficient, 
continual outgassing of walls should not necessitate re¬ 
evacuation more than two or three times a year. 

The construction of the main amplifier is quite 
straightforward. It is, however, necessary to completely 
shield the FP-54 plate lead (and attached network) not 
only from the output but also from any external fields. 
The connecting cable therefore consists of a separate 
beaded coaxial cable (low capacity) for the FP-54 plate 
lead and an eight conductor shielded cable for the re¬ 
mainder of the leads. If, as shown in Fig. 2, ordinary 
cable connectors are used, it is necessary to ground the 
caps and cover any slots in them as well as put sleeves 
over the junctions. The shielding requirements of any 
system attached to the input are just as stringent. The 
relay M% was carefully constructed from an old audio¬ 
transformer and some telephone relay contacts. The 
contact system is depicted in Fig. 4. When the relay is 
closed, 2 and 4 contact 1. As the relay opens armature 2 
breaks from 1, then contacts 3, and while these remain 
in contact, 1 and 4 are broken. Contact should be made 
by 5 and 6 before 1 and 4 break. Any tendency for the 
contacts 2 and 3 or 5 and 6 to bounce on closing must 
be eliminated by suitable damping. In order not to 
shunt the high output resistance, meg, some 

care may be necessary in insulating from ground the 
coil of the relay Mi and the various batteries associated 
with the output system. The only other sources of 
trouble may result from excessive grid current in the 
triode sections of the 3A8GT*s and from anomalous 
oscillation or a shifting cathode spot in the 1C21 
thyratron which can cause the relay Mj to open spon¬ 
taneously. 


MODIFICATIONS 

When relative current measurements are being made, 
the sensitivity of the instrument may be decreased by 
increasing the battery supply for V up to 45 v; in the 
case of ionization current measurements, a similar 
effect may also be obtained by using the ionization 
chamber as an additional feed-bsick capacity. With both 
methods the precision of the instrument is increased 
(see Eq. (3)). If the instrument is used for measuring 
high resistances, the source of e.m.f. supplying the 
current should be at least 1 v if the instability variations 
of the input are to be negligible in comparison with it. 


Fig. 4. Contact system of 
relay Mi* Numbers corre¬ 
spond to those on the circuit 
diagram, Fig. 3. 



The over-all consistency of operation of the electrometer 
may be conveniently checked by placing in series a 
high sensitivity voltmeter and 6 v battery from the 
output (F~ terminal) to ground. If the instrument is 
then put in the current-measuring state, the meter 
reading should drop from 4.5 v to 0 v and remain 
steady there without any noticeable drift in IS minutes 
or so. This range of 4.5 v in the output voltage repre¬ 
sents the range through which the condenser is charged, 
and it is therefore essential that it be reproducible 
within a few millivolts each time the instrument is put 
in and out of the current-measuring state (use switches 
5a, 52 ). Such an additional external battery and volt¬ 
meter are useful for detecting small output voltage 
changes, and hence background currents down to 
amp. can be estimated in a reasonable length of 
time. The internal vacuum of the electrometer head 
may also be measured with this method in combination 
with an external radioactive source to set up ionization 
in the gas between the feed-back condenser plates. 

Current may also be determined with a somewhat 
similar instrument that utilizes a fixed time interval and 
requires a measurement of the change in output voltage, 
a measurement not difficult because the dynamic out¬ 
put resistance is of the order of several hundred ohms. 
In this case the equivalent relays of Afi andAf* become 
slightly more complicated and must be contained within 
the electrometer head, however the main amplifier is 
considerably simplified. If the “fixed’’ time interval for 
such a monitor electrometer is obtained from the main 
'electrometer (Fig. 2), we obtain the simultaneous 
measurement of two currents. 
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A New Technique for the Determination of Heats of Sublimation of 
Slightly Volatile Substances 

0. C. Simpson and R. J. Thorn 
Argonne National Ijiboratory^ Chicago^ Illinois 
(Received January 3, 1949) 

A technique is clescriixjd which enables one to measure relative vapor pressures liy measuring the rate of 
change of transmissivity of thin deposits as they are formed by condensation from the vapor. From the 
temperature dependence of this rate the heat of sublimation of slightly volatile substances can be determined. 
In the case of graphite, deposits of the order of 0.1 >ig per cm* can be detected. 


I. INTRODUCTION 

T here are two general methods of determining 
the heat of vaiK)rization or sublimation. One 
method is based upon the measurement of the slope of 
the plot of log^ against the reciprocal absolute tem- 
I>erature and requires only relative vapor pressure 
measurements as a function of temperature; the other, 
based upon the calculation of the absolute entropy 
difference of the vapor and the condensed phase, re¬ 
quires the measurement of the absolute vapor pressure 
at a known temperature plus a knowledge of the 
pertinent specific heat data. Of these methods the 
second is usually the more accurate, but the first one 
possesses the advantages that factors such as the vapor¬ 
ization coefficient must be rather strongly temperature 
dependent to cause large error, only relative vafwr 
pressure measurements are required, and no specific 
heat data are needed. 

One of the chief difficulties in the application of 
either method to substances having low vapor pressures, 
such as graphite for example, is that ordinary techniques 
for determining the small rates of eva}X)ration require 
long times. The technique described in this report 
enables one to measure extremely small rates of evapora¬ 
tion (actually condensation) and hence enables one to 
employ the first method conveniently. The same tech¬ 
nique can also be used in the second method provided a 
proper calibration is made. 

The authors are employing this technique for the 
determination of small rates of evaporation to determine 
the heat of sublimation of graphite. It will be some time 
before the authors’ investigation is concluded, but the 
experimental technique is described here since others 
may have use for it. 

n. THEORY 

The technique presented herein is essentially as 
follows: a fraction of the material evaporating from the 
top surface of a cylinder heated in an evacuated space 
is collected on a circular target placed above and 
parallel to the surface. The time rate of deposition of 
the material is determined by measuring the time rate 
of change of the transmissivity of the target. The light 
from the incandescent material serves as a light source 
for this measurement. At feasible temperatures for 


substances such as graphite the rale of deposition is so 
small that ordinary meth(Kls such as weighing do not 
permit its determination within reasonable times. How¬ 
ever, the use of an optical pyrometer constitutes a very 
sensitive method for the determination of this rate. 
From the dependency of the deposition rate on tem¬ 
perature it is possible to calculate relative vapor 
pressures and therefrom the heat of sublimation. The 
experimental arrangement is represented schematically 
in Fig. 1. 

If light of spectral radiant intensity and wave¬ 
length X emitted from the top surface of the cylinder at 
some high temperature T°K is intercepted by the layer 
of the material deposited on the quartz target, then the 
decreased intensity J\ of light entering the optical 
pyrometer is given in terms of the thickness x of the 
deposit by the relation 

Ill this equation and fa arc the reflectances of the 
deposit-vacuum, the deposit-quartz, and the quartz- 
vacuum interfaces respectively; k and kq are the ab- 
sorjition coefficients of the material and quartz; and Xq 
is the thickness of the quartz. More correctly there 
may be additional terms due to the window on the 
apparatus and a prism. These terms, however, can be 
omitted from this discussion, although they must be 
considered when it is necessary to measure the true 
temperature of the cylinder. 

If we assume that the spectral intensity (/x)o emitted 
from a non-black body with a spectral emittance ex is 
given by Wien’s law,* we can write 

(/x)o*= (2a) 

Corresponding to the decreased intensity J\ there is 

some apparent absolute temperature such that 

7x«cxCiX-®e-«*/^^^ (2b) 

If Eq. (2b) is divided by Eq. (2a) and the expression for 
•^x/(/x)o so obtained is substituted into Eq. (1), then 
an equation relating the apparent temperature to 

•For A«0,665 m and 2500*^1:, Hence one 

is justified in using Wien’s law rather than Plandc’s, Wheffier 
Wien’s law is strictly applicable to non-black bodies, however, is 
another question which will not be discussed, 
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the thickness and reflectances is obtained. That is, 

1 1 X X 

—^- +-{kx+k,x,) -In[(l*r0(l“r2)(l-"r3)]. (3) 

Ta T C2 C2 


If the thickness x of the material deposited on the 
quartz is increasing with time due to molecules con¬ 
densing on the target (in this discussion we are assuming 
that the vapor is composed of a single molecular 
species), the dependency of 7\ on time can be found 
from the elementary kinetic theory relations. The 
result is 


1 


Ta 


1 

-4-- 

T 


X 




ln[(l-r.)(l-r,)(l-r.)l 


UFA. 


iiDA,i 



* P 

■ - 1. (4a) 

(7')‘ 


In this expression F is llie fraction of the molecules 
evaporating which condense on an area which intercepts 
the light entering the pyrometer; A, is the area of the 
top surface of the cylinder; Aj is the area of the deposit 
through which light passes to the pyrometer; D is the 
density of the deposit; M is its molecular weight; K is 
the molal gas constant; p is the vapor pressure of the 
material; and t is the time. In the derivation of this 
equation there is the inherent fact that when f=0, rj is 
zero and rs“=rs, since no deposit is present on the target. 
For very small values of /, ra becomes different from rj, 
and fi becomes greater than zero, but neither is neces¬ 
sarily independent of t (hence x) due to the fact that 
reflection of light takes place not only from the outer 
atomic layer but from a finite number of atomic layers. 
However, for sufficiently large values of t these re¬ 
flectances become constant since the deposit is then 
sufficiently thick to permit the maximum reflection 
characteristic of the interfaces. Hence for values of t 
greater than this minimum and for constant values of 
the temperature of the cylinder, Eq. (4a) assumes the 
form 


1 Aipi 

.-^Ao+ -. 

J\ (?')* 


(4b) 


This relation shows that the reciprocal of the apparent 
absolute temperature is, under the conditions already 
specified, a linear function of time with a slope 

UFA,/ \* /) 

--(-(5) 

Since the Clausius-Clapeyron equation, 

dp/dT>*AH/TAV, (6) 

can be expressed in a form involving the derivative of 
the logarithm of the vapor pressure, determination of 
the temperature rate of change of a quantity which is 
pr(^)ortional to the vapor pressure (such as the slope a 
in the present case) is sufficient for the determination of 


the heat of sublimation. Equation (6) can be expressed 
in the desired form by neglecting the volume of the 
solid phase compared with the gaseous phase and 
a.ssuming the latter to be a perfect gas. If the value of p 
given by Eq. (5) is then substituted in this relation, 
we find 


dln(a(r)>) MI 
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Fig. 2, Relative rates of deposition of graphite. 

Hence the heat of sublimation is equal to 4.575 times 
the slope of the plot of \og(a(T)^) vs, i/T, 

Provided the absorption coefficient can be evaluated, 
then the technique described herein can be used to 
determine the absolute vapor pressure of the material 
at a given temperature (see Eq. (5)). From this the heat 
of sublimation can be calculated according to statistical 
mechanical relations.* 

in. EXPERIMENTAL EXAMINATION OF TECHNIQUE 

Typical examples of the plot of the reciprocal ap¬ 
parent absolute temperature Ta measured through 
graphite deposits as a function of the time are given in 
Fig. 2. These curves are characterized by a slight nega¬ 
tive curvature in the initial region which becomes less 
with increasing time until the curve finally becomes 
linear. The length of the non-linear region depends upon 
the temperature of the cylinder, increasing with de¬ 
creasing temperature. This initial curvature is to be 
expected according to Eq. (4a), since during this 
period the reflectances ri and n are time dependent 
and are changing in such a manner as to make 
d in[(l—ri)(l—r 2 )]/df a negative quantity which de¬ 
creases numerically to zero when fi and become con¬ 
stant. Hence 1/7 a vs, time has a negative curvature 
until ri and become constant. 

The possibility that this non-linear region might have 
an effect on the calculated slope a can be excluded in tw^o 
ways. In one procedure the slope of only the linear 
region is calculated, this region being defined as follows: 
If is the minimum time which for all practical pur¬ 
poses is necessary for the attainment of the linear 
region at some temperature Ti, then the equivalent 

(1935)^* Kelley. U. S. Bur. Mines; Bull. 383 


time k necessary at some other temperature Tj is 
[AH/I 1\1 

/2«c/i~-exd —I-I . (8) 

Ti L R XTi Tx/l 

Since the linear region is readily discernible at the high 
temperature end of the permissible range, one of these 
runs can be selected arbitrarily for estimating /i. The 
corresponding /’s for other temperatures can then be 
calculated with the aid of this equation provided a 
rough estimate of AH has been made. Since accurate 
, values of the are not required, AH can be estimated 
by considering l/Ta vs. t to be linear for all values of t. 
In essence this procedure is equivalent to selecting 
regions of equivalent thickness. Another procedure of 
eliminating the initial region is to make an initial 
deposit at a relatively high temperature before measure¬ 
ments of Ta vs. time are made. When this procedure is 
used 1/Ta is linearin time. 

The deposits whose transmissivities are represented 
in Fig. 2 range in total weight from 23.7 Mg at 22S2®K 
to 143 Mg at 2433®K for an area of about 3 cm®. Since 
one can readily read a temperature difference of 3° 
with an optical pyrometer, the limit of detection of the 
presence of the deposit is 0.11 Mg per cm®. This corre¬ 
sponds to a thickness of about 5X10~® cm or about 
three or four atomic layers. This conclusion agrees 
with that of Estermann and Stern,^ who found that 
deposits of two or three molecules in thickness are 
visible because of aggregation. The thickness of the 
graphite deposit at which the curvature becomes zero 
or at which the reflectances become constant is about 
3.6Xl(^‘* cm or about 250 atomic layers. 

IV. POSSIBLE EEJtORS 

The possible sources of error which may be con¬ 
sidered as being inherent in the transmissivity technique 
are (1) the dependency of the absorption coefficient on 
thickness, (2) the dependency of the absorption coeffi¬ 
cient on temperature, (3) the deviation of non-black 
body radiation from Wien’s law, (4) the thermal ex¬ 
pansion of the deposit, and (5) the radiation from the 
deposit. 

In general the effect of factors (1) and (3) if operative 
would be to make l/Ta other than a linear function of 
time. Since we have observed a linear dependence with 
graphite aside from the initial effect of reflectances, we 
conclude that these factors cause no error in this case 
unless a fortuitous combination of them causes effective 
cancellation. It is doubtful that the absorption coeffi¬ 
cient of graphite changes sufficiently with temperature 
to cause any error since the transmissivity curve of thin 
graphite deposits as a function of wave-length ^ows no 
absorption peaks in the neighborhood of 0.665m. The 
thermal expansion of graphite would cause loga(r)> to 

* I. Estermann and O. Stem, Zeits. f. phyrik. Chemie 106, 399 
(1923). 
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change by less than 0.02 percent for the temperature 
range given in Fig. 2. If the deposit on the quartz 
target emits radiant energy and if this energy is of the 
same order as that from the cylinder transmitted 
through the deposit, then values of a will be in error. 
However, the ratio of these intensities is 
in which is the temf)erature of the deposit and r 
its transmissivity. Crude measurements showed that 
7=0.01 (for the thickest deposit) and T^IOOO^K. 
Hence for the ratio we obtain 8X10“^ at r=2200°K 
showing that the amount of radiant energy emitted by 
the de^wsit is negligible in our experiments compared 
with that transmitted from the cylinder. 

The sources of error which are not necessarily in¬ 
herent in the transmissivity technique but which may be 
present under the conditions of the experimental pro¬ 
cedure are (1) temperature gradients in the material, 
(2) variation of the vaporization coefficient with tem¬ 
perature, and (3) variation of the condensation coeffi¬ 
cient with temperature. For metals temperature gra¬ 


dients will usually cause no trouble since their thermal 
conductivities are high and temperatures above 2000®C 
are not usually required. However, at temperatures 
above 2000“C these gradients become appreciable, 
especially in the case of graphite, and they must be 
taken into consideration by calculation of an “average'' 
temp)erature. One of the best ways of eliminating the 
variation of the vaporization and condensation coeffi¬ 
cients with temp)erature is to employ conditions such 
that they are unity. In the case of the vaporization 
coefficient a unit value can be assured if the material 
is vaporized in a small furnace cavity and permitted 
to effuse through an orifice in the furnace. In all proba¬ 
bility the vaporization coefficient will also be unity if 
the surface of the material is chemically clean. A value 
of unity for the condensation coefficient can be ap¬ 
proached by employing a water-cooled target. 

The authors wish to acknowledge the help of Dr, 
George H. Winslow in subjecting the technique to a 
detailed analysis. 
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Measurement of the Spin of a Projectile in Flight* 

H. L). Warshaw 

The Franklin Institute^ Laboratories for Research and Development, Philadelphia, Pennsylvania 

(Received February 9, 1949) 

Projectile spin h meafiured by recording: the voltage generated in a pick-up coil as the rotating 
field of a transversely magnetized projectile passes the coil. 

A permanent magnet within a brass sleeve (for magnetic insulation) is inserted in a projectile of 
mild steel. Rotation of the projectile as it passes the pick-up coil generates a sinusoidal e.m.f. which 
is displayed on the screen of a cathtxle-ray tube and photographed for subsequent analysis. 


INTRODUCTION 

N ballistic studies, information regarding the 
movement of the projectile in flight is highly 
useful. Projectile spin measurement falls into this 
category and is the subject of this paper. 

PICK-UP coa 

Figure 1 shows the laboratory set-up and a block 
diagram of the associated equipment used for 



Fig. 1. Gun, pick-up coil, and recording equipment 
(pick-up coil viewed from above). 


* The paper is based on work done for the Office, Chief of 
Qrdfianofe, Department of the Army, 


measuring and recording projectile spin. The pick¬ 
up coil consists of 1200 turns of number 30 Formex 
insulated copper wire wound on a rectangular coil 
form 30X6 inches. The coil is positioned so that 
its long sides are parallel to the line of flight. As 
the rotating projectile passes the coil, a voltage is 



Fig. 2, Cut-away sketch of projectile, (A) Cold rolled steel 
projectile. (B) Magnetic insulator (brass sleeve). (C) Mag¬ 
netized insert (hardened drill rod). 
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Fig. 3. Oscilloscope record of projectile spin. 


-generated in that side of the coil nearest the line 
-of flight. Any voltage generated in the opposite side 
of the coil will reduce the signal output, which is 
the difference in voltage generated in the two sides. 
However, the signal reduction is negligible since 
the intensity of the magnetic field due to the pro¬ 
jectile is negligible at the far side of the coil. 

The coil is mounted on a sturdy wooden frame. 
The presence of sizable quantities of iron or steel 
within a few inches of the coil will concentrate the 
earth’s magnetic field sufficiently to cause spurious 
signals to be generated with the slightest relative 
movement between coil and metal. These move¬ 
ments are produced by the gun blast. Since the 
coil cannot' be protected by armor plate, a reason¬ 
ably accurate gun must be used. 



Fig. 4. Oscillowrope record of projectile spin. 


The drill rod insert (i-in. diameter) is hardened 
but not tempered. It is pressed into the brass 
sleeve O.D.) which is in turn pressed into 

the projectile. The projecting ends are then ground 
even with the body of the projectile. The iixis of 
the insert passes through, and is normal to the 
axis of the projectile. 

The brass sleeve is a magnetic insulator and is 
essentially equivalent to an air gap between the 
insert and projectile. It permits effective mag¬ 
netization of the insert after assembly and greatly 
reduces the shunting effect of the body of the pro¬ 
jectile on the field of the magnetized insert. 

MAGNETIZBR 


RECORDING EQUIPMENT 

The signal output of the coil is passed through a 
pre-amplifier and then to the vertical deflection 
amplifier of a Dumont Type 208B cathode-ray 
oscilloscope. The over-all voltage amplification of 
the system is approximately 10,000. The oscillo¬ 
scope, modified for single sweep, is triggered by a 
switch in the breech mechanism of the gun. Per¬ 
manent records are obtained by photographing the 
trace that appears on the screen when the projectile 
passes the coil. 

PROJECTILES 

The caliber .50 projectiles used in these tests 
were made of cold-rolled steel. This material has 
high magnetic permeability but low retentivity. 
This is unfortunate since it implies the following: 

1. The projectiles cannot be permanently magnetized. 

2. If a permanent magnet insert is used, a large part of its 
field will be shunted by the body of the projectile. 

3. If a steel slug having high magnetic retentivity is in¬ 
serted and then magnetized, most of the field from the mag- 
netizer will be shunted. The small portion that is stored by 
the slug will be shunted by the body of the projectile. 

From the standpoint of manufacturing problems 
and availability of materials, it was decided to 
develop the method suggested under No. 3, A 
satisfactory design was evolved in which a hardened 
steel insert was magnetically insulated from the 
projectile. A cut-away drawing of this design ap¬ 
plied to a caliber .50 projectile is shown in Fig. 2. 


Prior to firing, the assembled projectile is clamped 
between the pole pieces of a magnetizer. The ends 
of the insert are clamped by the pole tips which 
are also I in. in diameter. The magnetizer provides 
sufficient flux to saturate the insert. After mag¬ 
netization, the field strength of the insert is meas¬ 
ured with a General Electric Company Gauss- 
Meter. If the field strength is 50 to 60 Gauss at 
the exposed tip of the insert and approximately 
0.75 Gauss at one inch from the tip, the projectile 
is ready to be fired. 

RESULTS 

Figures 3 and 4 are photographic records ob¬ 
tained with the equipment described. Calculations 
based on the linear velocity of the projectile and 
the rifling twist in the gun indicate that the pro¬ 
jectile should execute two full revolutions while 
passing the pick-up coil. In Fig. 3, it may be seen 
that two complete sine waves of voltage were 
generated in the pick-up coil. However, due to the 
spurious signal that preceded the desired signal, 
the base line of the sine waves is not parallel to the 
zero signal base line (at the extreme left end of the 
trace). The true base line is midway between, and 
parallel to the lines joining the peaks of the sine 
waves. Thus, the number of revolutions of the pro- 
jetrtile as it passes the coil may be determined. 

DISCUSSION 

In Fig. 3, it should be noted that the signal 
started and ended at zero voltage. Apparratly, 






STRESS-STRAIN-TIME APPARATUS 


509 


mag^netized insert in the projectile was normal to the 
plane of the coil when passing the leading and 
trailing edges of the coil. Occasionally, this condi¬ 
tion may be duplicated, provided the projectile is 
accurately positioned in the gun prior to firing. 
However, this is not a necessary prerequisite, since 
in Fig. 4 the number of revolutions is accurately 
determined, even though the insert was in a posi¬ 
tion to generate a voltage as it passed the leading 
edge of the coil. As shown on the photograph, it is 
necessary to extrapolate the signal to the point on 


the trace at which the insert passed the leading 
edge of the coil. 

The term “projectile spin“ refers to rotation with 
resf>ect to a known distance in the direction of 
flight (the length of the pick-up coil in this case). 
“Angular velocity” refers to rotation with resj>ect 
to time. Although angular velocity was not meas¬ 
ured, it may be obtained simply by the addition of 
time-markers to the oscillograph trace. This could 
be accomplished by modulating the intensity of the 
trace with pulses of a known frequency. 
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Stress-Strain-Time Apparatus for Fiber Testing 

C. H. ReichARDT,* H. Schaevitz/* and J. H. Dillon*** 

The Textile Foundation and Frick Chemical Laboratory^ Princeton University^ Princeton^ New Jersey 

(Received March 11, 1949) 

A streas-strain apparatus for testing individual fibers is described. The apparatus employs a ring dyna¬ 
mometer in conjunction with a linear variable differential transformer. A constant rate of elongation appa¬ 
ratus is fully described and a schematic diagram of a constant rate of loading apparatus is discussed. The 
use of linear variable differential transformers allows simple a.c. amplifiers to be employed and thus removes 
many of the difficulties involved in d.c. bridge circuits. Load ranges from 50 grams to 1 gram per ten chart 
inches can be obtained with a sensitivity of several milligrams. By changing the size of the ring dynamometer 
employed, an apparatus giving the greater load ranges necessary to test yarns can be constructed. 


T he original Sookne-Rutherford Autographic Load 
Elongation Apparatus^ for fibers in at the 
Textile Research Institute Laboratories, Princeton, 
New Jersey, is one of the first sensitive, automatic 
stress-strain testers to have been develo{)ed. It has been 
of great value in studies of the mechanical properties 
of fibers; however, it does possess several limitations 
which are more or less inherent in the chainomatic 
balance type of stress-strain apparatus. The two major 
limitations, which might possibly be removed by re¬ 
design of the instrument, are: 

(1) “hunting,^* which increases with the sensitivity, 
particularly at or near zero load, and 
(2) the fact that the maximum usable load range, 
which obtains the same precision as obtained 
at low load ranges, is limited by the type and 
size of chain that is used. 

The first limitation presents a difficulty in the proper 
analysis of stress-strain curves since, in order to main¬ 
tain sensitivity and at the same time prevent “hunting^^ 
at the zero load position, the test fiber must always be 
maintained under a small positive stress; thus, zero 

* Fellow of Textile Research Institute. 

** Schaevits Eii«necrin& Camden, New Jersey. 

*** Director of Research, The Textile Foundation and Textile 
Keaesreh Institute, Inc. 

„ ‘ A. M« Sookne and H. A. Rutherford, J. Research Nat. Bur. 

Stand. ( 1943 ). 


stress cannot be attained at any time during the experi¬ 
ment. The second problem appears to be almost insur¬ 
mountable and limits the use of the apparatus to the 
testing of textile fibers with low breaking strengths, 
prohibiting its use with even the finest yarns. The 
Sookne-Rutherford apparatus and the more recent 
Sookne-Harris modification^ do have two salient features 
that other types of apjparatus do not; namely, (1) the 
point of stress measurement remains at a fixed position 
in space and thus mathematical corrections do not 
have to be made for displacement of the stress-meas¬ 
uring device with increasing stress, as is the case with 
various other applications employing strain gauges; and 
(2) the balance type of machine does not possess the 
large inertia effects inherent in the pendulum and 
inclined plane type of tester. 

A more versatile type of instrument with all the 
advantages, including better sensitivity, but without 
the major limitations of the Sookne-RutJierford appa¬ 
ratus has been greatly needed. There exist, as com¬ 
mercially available products, numerous devices which 
are capable of incorporation in a stress-strain apparatus. 
Some of these are: (a) the magnetic strain gauge,* 
employed in conjtmction with a stress beam or weigh 
bar, (b) the resistance strain gauge bonded to a stress 

•Harris Research Labs., 1246 Taylor Street, N.W. Wash¬ 
ington, D. C. 

* J. W. Ballou, ASTM BuUetin, No. 150, pp. 38-112 (1948). 
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Fig. 1. Schematic diagram of the stress-measuring mechanism. 

beam or weigh bar/ (c) the unbonded type of resistance 
gauge/ and (d) the Linear Variable Differential Trans* 
former used in conjunction with a stress beam or ring 
dynamometer.® The last is adapted easily to a satis* 
factory stress-strain apparatus since simple alternating 
current amplifier circuits may be used. Furthermore, 
a simple modification of this type of equipment allows 
the construction of a stress-strain apparatus in which 
the stress-measuring point can be maintained at a fixed 
point in space, regardless of stress imposed. 

As Ballou has recounted in a recent paper/ there are 
two major types of stress-strain apparatus available, 
those employing constant rate of stress, and those 
using constant rate of strain. The Linear Variable 
Differential Transformer (hereafter referred to as the 
LVDT), in conjunction with a ring dynamometer, 
affords application in the construction of either type 
of instrument. In both cases, the electrfcal circuit is 
the same, the only differences occurring in the mechani¬ 
cal design. This paper is concerned mainly with a 
constant rate of strain type of stress-strain apparatus. 
A brief description of the arrangement for the constant 
rate of stress application is included to show the 
versatility of this device. 

The constant rate of strain, stress-strain apparatus 
consists of three main sections: (1) the constant rate of 

* Recently developed by the Instron Engineering Corporation. 

* R* InstnimenU 19, No. 3 (March l5t6). 

Sc^viu, Proc. Soc. Expcr. Strew Analysis IV (No. 2), 


strain mechanism which has a range of rates of move¬ 
ment from LO inch per minute to 0.001 inch per minute, 
with practically instantarieous commencement, reversal 
or cessation of motion at any given rate, (2) the stress¬ 
measuring mechanism which includes the LVDT at¬ 
tached to a ring dynamometer, the amplifier, and the 
recorder, and (3) the stress-point, zero-positioning 
mechanism, which maintains the upper jaw or stress- 
measuring jaw at a fixed point in space. 

A. The Stress-Measuring Mechanism 

The force applied to the upper sample jaw, A (see 
Fig* 1), is translated into a linear disf)Iacement of the 
ring dynamometer, for which displacement is directly 
proportional to imposed force, either compressional or 
tensile. This linear displacement is identical with that 
of the iron core, D, of the LVDT, C. Hence, the output 
of the LVDT® wljich is linear with core displacement, 
changes linearly with the applied force. The output 
voltage of the LVDT is thus available to drive the 
recorder, which will be described later. 

The theory of ring dynamometers is to be found in 
several standard engineering texts. The National Bureau 
of Standards employs them in the measurement of large 
stresses to a high degree of accuracy. Most of the 
applications, however, have employed ring dynamom¬ 
eters for the measurement of large stresses. To obtain 
a ring dynamometer for use with single fibers, i.e., with 
extremely small loads and which will have a linear 
relationship between imposed stress and the displace¬ 
ment of the ring, several dimensional limits, not nor¬ 
mally encountered, must be considered. In order that 
the displacement be directly proportional to the im¬ 
posed force, the radial thickness of the ring must be 
small in comp)ari8on to the radius of the ring. At the 
same time, however, the radial thickness of the ring 
must not be so small that local buckling occurs at the 
points at which stress is applied to the ring. Conse¬ 
quently, for the construction of ring dynamometers for 
different load ranges, the ratios of radial thickness to 
ring width and radial thickness to radius must be 
altered for each case. Any proportional change of the 
two ratios might bring one or the other difficulty to 
bear. In addition to these dimensional limits, the ring 
supports, or to be more exact, the points at which 
stress is applied to the ring, must be diametrically 
opposite or non-linearity occurs. Again, linearity is lost 
if the ring is not properly supported or clamped. The 
National Bureau of Standards, in their applications with 
heavier rings, have ^‘bossed” diametrical shoulders on 
the* rings, the rings being clamped through these 
shoulders. The clamps in use at present for the light 
rings are somewhat different and are described in detail 
in the following paragraphs. H, Schaeviu^ has indicated 
some success recently with a method in which two rods 
are silver-soldered to the ring, the two rods having the 

7 H. Schaevits, unpublished oommunicatlotts. 
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same axis and passing through diametrically opposite 
holes in the ring. More extensive tests must be carried 
out, however, before this latter method can be proved 
satisfactory, although the results to date are very 
promising. 

As is .seen in Fig. 1, an upper rod supports the coil 
body of the LVDT, C, and by means of the upper 
clamp, £, the ring dynamometer also. The lower clamp, 
F, supports the core of the LVDT and a lower rod 
leading to the upper stress measuring jaw, A . There is 
no mechanical connection between the upper and lower 
clamps except through the ring. The axes of the up{>er 
and lower rods, the LVDT coil body and core, and a 
diameter of the ring dynamometer must be identical 
with the force axis. The LVDT core is rigidly attached 
to the lower clamp, but the attachment of the I-VDT 
coil body allows it to be displaced linearly along the 
axis of force to allow adjustment of the position of the 
core in the coil tody. 

The clamps have a rounded edge (radius ca, 0.01 in.) 
in contact with the inner surface of the ring. The ring 
is held in place against these edges by a flat metal 
surface pressing against the outer surface of the ring. 
This flat face is so constructed that, when the two 
sections of the clamps are rigidly fastened, the surface 
exerts just enough pressure on the ring to prevent its 
slippage from position under normal handling. As was 
stated previously, the lines of contact made between the 
rounded edges of the two clamps and the inner surface 
of The ring must be (1) f>erpendicular to the plane of 
the ring and (2) diametrically opposite. 

As a guide to any future construction, one of the 
difficulties encountered in the development of the in¬ 
strument is mentioned here. Originally a paper shim 
was used in the ring clamps between the outer ring 
surface and the flat surface of the clamp. The principle 
of the pat>er shim was to exert enough pressure to 
prevent slippage of the ring but not enough to hinder 
the bending of the ring. However, the force exerted by 
the expansion and contraction of the paper through 
adsorption and desorption of water vapor caused a 
deflection of the ring and a corresponding large humidity 
sensitivity of the instrument. Unfortunately, this reason 
for the humidity sensitivity of the apparatus was not 
detected immediately. 

, The output of the LVDT in the ring dynamometer is 
placed in “series bucking’^ with the output of a similar 
LVDT in the recorder (see Fig. 2) by means of the 
circuit given in Fig. vS. Examination of this circuit shows 
essentially, that the output voltages of the two LVDT’s 
are bucked against each other, the error voltage being 
fed into a three-stage resistance-coupled voltage am¬ 
plifier, feeding a power stage consisting of a 6L6 with 
the plate circuit transformer-coupled to one phase of a 
two-phase induction motor. The other phase of the 
recorder motor is connected directly to the line voltage. 
Any displacement of the ring activates the motor of the 
wx>rder in such manner that the micrometer moves the 


core of the LVDT of the recorder to its proper position. 
At the same time, this displacement of the core, caused 
by the micrometer, is transformed into a linear pen 
movement which is directly proportional to the original 
displacement of the ring dynamometer. Other com¬ 
ponents of the circuit shown in Fig. 3 will be discussed 
in later paragraphs. 

B. Stress-Point, Zero-Positioning Mechanism 

An LVDT core, G (Fig. 1), is made an integral part 
of the lower rod leading from the lower ring clamp. This 
core passes through an LVDT coil body, H, which is 
rigidly fastened to the framework. The output of the 
LVDT, H, is fed into an amplifier identical to the one 
used in the stress-measuring mechanism. In this case, 
however, the amplifier operates a motor which is linked 
through a worm and worm gear to the upper rod of 
the stress-measuring mechanism. When the core, G, is 
moved out of the null-balance position of the coil by 
reason of a change in the force exerted on the upper jaw 
(displacing the ring), the amplifier drives the motor so 
that the core is instantaneously brought back into the 
null-balance position. The upper jaw is then maintained 
at a constant position in space. The necessity and 
accuracy of this zero-positioning mechanism can be 
demonstrated by consideration of the oj)eration of the 
light ring dynamometer. A force of 50 grams elongates 
the ring about 0.05 inch. In testing a normal fiber 
with a breaking strength of approximately 10 grams, 
the upper jaw would move a maximum of 0.01 inch 
without the stabilizing mechanism. This 0.01 inch dis¬ 
placement represents an error of 10 percent in the 
elongation of a fiber 1 inch in length strained 10 percent. 
The stabilizing mechanism, however, maintains the 
upper jaw at a position well within 50 micro inches of 
the original setting, reducing the error from this cause 
to less than 0.05 percent. 

Several factors which are not readily apparent must 



Fio. 2. Schematic diagram of the recorder. 
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FiC- 3. Diagram showing circuit employed. 


be considered in the actual construction of such an 
apparatus. If the core and coil body of an LVDT are 
not coaxial, a sideward force is exerted on the core by 
the field. The factors which might permit this force to 
come into play are removed or reduced in several ways. 
The upper rod is passed through a bushing in the frame¬ 
work such that all motion except that along the axis 
of the rod (and therefore the force axis) is prohibited. 
The LVDT coil body of the zero-positioning element 
has an inside diameter approximately twice that of the 
other LVDT coil bodies. This precaution decreases the 
sideward force exerted without serious reduction to 
the sensitivity of the comi)ensating LVDT as a whole. 
All necessary joints, including ring dynamometer clamps, 
in the complete mechanism must be rigid and free from 
play. Another factor to be considered in the over¬ 
all design is the influence of the two transformers on 
one another. Any such interference can be removed by 
keeping each one outside the effective magnetic fields 
of the other (about eight inches is sufficient) and by 
electrically insulating the two cores (i.e., the lower rod 
between the positioning core and the ring clamps 
should not be metallic). 

While construction precautions involving the use of 
LVDT^s are being considered another point is worthy 
of mention. Although it is obvious that any magnetic 
metal brought near the LVDT would greatly influence 
its output, it is not obvious that any large mass of a 
non-raagnetic metal (brass, aluminum, etc.) immedi¬ 
ately surrounding or within a few inches of the LVDT 
coil body also produces an effect on the output of the 


transformer. The main difficulties produced by a non¬ 
magnetic mass appear to be in changing the wave¬ 
form of the output. For this reason, all of the LVDT*s 
used in this apparatus have been mounted in a Plexi¬ 
glas housing slightly larger than the LVDT coil body 
and in such a manner that the coil body may be ad¬ 
justed to various positions in the Plexiglas mount. 
This plexiglass housing is then held in position by other 
Plexiglas or thin brass rods. 

C. The Constant Rate of Strain Mechanism 

The normal type of elongation apparatus in which 
commencement or reversal of motion is obtained by 
reversing the motor which drives an elongating mecha¬ 
nism through a gear train is considered inadequate, 
mainly because of the lag in reversal, commencement, 
or cessation of motion introduced by the necessarily 
loose-fitting gears in most gear trains. In addition, 
a change in rate* of elongation in such mechanisms 
usually involves replacing gear boxes, which is con¬ 
sidered harmfully time consuming in some instances. 

One way of solving the lag problem is to reverse, 
start, and stop the mechanism through the use of 
adequate instantaneous reversing clutches at the point 
where the angular motion is transformed into linear 
motion. This practice has the advantage of keeping 
the number of points at which lag can be introduced 
to a minimum. At the same time, such a system allows 
the construction of a variable speed reducer, with a 
wide variety of output speeds (see Table I), and a 
transmission in which elimination of lag is not a difficult 
problem since the motor o{)erates continuously in one 
direction. 

There are numerous ways in which this can be 
accomplished as well as, or better than, the one chosen; 
it would only be fair to mention that the gear array 
designed for the apparatus described herein was de¬ 
signed to employ equipment already on hand. A more 
efficient and more compact speed reducer and trans¬ 
mission can be constructed if the utilization of available 
commercial equipment is not involved. 

In the apparatus constructed at the Textile Research 
Institute Laboratories, a 1/15 h.p. continuous-rated 
constant-speed induction motor drives five different 
Boston G^r Works, Series LA, Speed Reducers in 
parallel. The output of any one of these can be taken 
off by means of sliding gears. These, in turn, drive a 
gear box which affords an additional 5:1, 1:1, or 1:5 
ratio leading into two magnetic clutches attached to 
two miter gears which drive a third miter gear attached 
to a vertical-threaded shaft. The magnetic clutches and 
pinio'n gears constitute the reversing and starting 
mechanism. The vertical-threaded shaft drives a com¬ 
plex nut, designed to eliminate “play'* between two 
angle beams. The lower sample jaw is attached to the 
complex nut and moves vertically with the complex nut 
as the latter is driven up and down by the dreaded 
shaft 
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D, The Recorder 

The general operation of the recorder is described in 
Section A; however, the range selector (see Fig. 3), has 
not been described previously. A variable resistance, i?i, 
has been placed across the output of the recorder LVDT. 
Increasing the resistance increases the load range, i.e., 
the number of grams represented by one chart inch. 
Thus, by switching in any one of several preset re¬ 
sistances, the calibration can be changed to any de¬ 
sired fraction of the maximum load range of the ring 
dynamometer. 

The range selector (/2i, Fig. 3A) can be constructed 
in several ways, two of which are indicated here. In 
Fig. 3B, a number of precision resistors are placed in 
series across the Recorder LVDT and connected with a 
switch to Z. The values shown give load ranges of 50, 
20, 10, 5, 2, 1 grams full scale for a 50 gram ring 
dynamometer using LVDT’s with resistances of ap¬ 
proximately 1(X) ohms. In Fig. 3C, a number of potenti¬ 
ometers are connected in series across the Recorder 
LVDT with the center taps connected with a switch 
to Z. The potentiometers are then j^ermanently set at 
the required resistances. 

A variable resistance, is connected across the 
Strain Gauge LVDT as a calibration control. When 
the arrangement shown in Fig. 3C is used, may be a 
fixed precision resistor and all calibrations carried out 
with the load selector potentiometers. 

For optimum operation of the recorder it is advisable 
that Ri and R 2 have approximately the same resistance; 
if the resistances of Ri and R 2 vary appreciably the 
phase relationships of the two LVDT*s are incorrect 
and non-linearity will result. In other terms, if Z is 
connected directly at A', the two LVDT cores should 
have the same displacements at each balance position 
for optimum operation of the recorder. Circuit C is the 
more easily adaptable of the two, as Circuit B can be 
used only when the mechanical design of the recorder 
is such that the displacement of the ring dynamometer 
for the maxiiiium usable load causes very close to the 
desired scale deflection of the recorder pen. Under some 
conditions, for example when excessive building vibra¬ 
tions are present, it is advantageous to introduce a 
variable resistance as a sensitivity control with the 
amplifier operating at maximum gain rather than con¬ 
trolling the over-all gain of the amplifier. 

In order for the recorder motor to oi>erate, the field 
voltage and control voltage must be 90 degrees out of 
phase. The phase relationship of the error voltage from 
the two LVDT's may be controlled by placing a 
capacitor across either the primary or secondary of the 
input transformer of the amplifier. This capacitor also 
tends to reduce the high frequency '^noise^^ in the 
circuit. In this case it was found that a capacitor of 
order of several microfarads in the primary circuit of 
the input transformer was necessaiy to control properly 
the phase relationship of the error voltage. At the same 


Table I. Hate of movement of the lower sample jaw 
(inches/minute). 

box 

mary .ratio 
gear 


ratio 

25:1 

100:1 

JOO:l 

600:1 

900:1 

5:1 

1.00 

0.25 

0.083 

0.0417 ” 

0.0278 

1:1 

0.20 

0.05 

0.0167 

0.0083 

0.0055 

1:5 

0.04 

0.01 

o.oa33 

0.0016 

0.0011 


time a capacitor, Ci, of the order of O.OX m.f.d. only, 
across the secondary of the input transformer gives 
much more satisfactory phase control. Further, follow¬ 
ing normal servo amplifier practice, a small capacitor, 
Cj, from plate to ground in the first stage of the 
voltage amplifier generally improves the action of the 
mechanism. 

In the operation of the apparatus it is often con¬ 
venient to be able to adjust the position of the pen 
with regard to the chart paper. Examination of the 
apparatus shows that this can be accomplished in 
either one of two ways: (1) by moving the LVDT coil 
body of the ring along its axis, and (2) by moving the 
LVDT coil body of the recorder along its axis. Once 
the core of the ring LVDT has been located at null- 
balance when the apparatus is at the zero load position 
there is no advantage to be gained by moving the ring 
LVDT coil body. Maintenance of the ring LVDT at 
null-balance at zero load allows any sen.sitivity range 
of the recorder to be employed without changing the 
zero load position of the pen. Movement of the recorder 


1 

I 



Fig, 4. Schematic diagram of the constant rate of stressing,, 
stress-strain apparatus. 
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LVDT coil body along its axis allows the position of the 
pen to be moved along the chart without'disturbing 
the null-balance at the zero load position. Thus, it is 
advantageous to mount the recorder LVDT coil body 
so that it may be moved along its axis. At the same time, 
if the axis of movement of the recorder LVDT core, 
the axis of the core itself, and the axis of the recorder 
LVDT coil body are not identical, non-linearity of the 
recorder results. Obviously, then, extreme care must be 
taken in the construction of the entire apparatus. 

A Gorrell and Gorrell Monodrum is used to drive the 
chart, affording twenty different chart speeds, each 
successive speed being 10/16 that of the previous. As 
the chart moves at a constant rate and the lower 
sample jaw moves at a constant rate, the abscissa can 
be transposed from time to strain values. By installing 
a reversing, double magnetic clutch, the chart can be 
made either to rotate continuously in one direction or 
to reverse direction with the strain mechanism, allowing 
the recorder to plot a curve continuously in one direc¬ 
tion or hysteresis loops. 


E. A Constant Rate of Stressing, 
Stress-Strain Apparatus 

Essentially, the modification of a constant rate of 
strain apparatus to a constant rate of stressing appa¬ 
ratus involves an interchange of the two motor drives 
with their controls (shown schematically in Fig. 4). 

The reversible constant speed motor, drives the 
gear box, B, which moves the upper clamp of the ring 
dynamometer, C, in a vertical direction. Thus, the 
upper clamp of the ring is moved at a constant rate of 
speed and if the lower clamp is held motionless, force 
*is applied to both clamps at a constant rate. 

The test sample, i.s held between two hooks. The 
upper hook is supported by the lower clamp of the ring 
dynamometer, C. (The core of the fixed LVDT, Z>, is an 
integral part of this linkage.) The lower sample hook, 
attached to the vertical elongation drive mechanism, 
is moved in a vartical direction by the motor, G, 
operating through the gear box, F. 

The amplifier, activated by the output of the 
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LVDT, P, operates the motor, G, in the following 
manner. When the upper clamp of the ring dynamom¬ 
eter, C, is moved upward at a constant rate, the lower 
clamp of the ring dynamometer would follow it at’the 
same rate, if the fiber did not tend to hold it in place. 
At the same time, if the lower clamp of the ring 
dynamometer moves, it also moves the core of the 
LVDT out of null-balance. Any movement of the core, 
however, activates the motor, G, which in turn strains 
the fiber so that the stress on the fiber equalizes the 
stress of the ring dynamometer and maintains the upper 
sample hook (and thus the lower clamp of the ring 
dynamometer) at a constant point in space. 

The construction of a recorder for this apparatus is 
similar to that of the constant rate of strain apparatus, 
with possible simplification in the case of a yarn tester. 
The stress axis is, naturally, also a time axis in a con¬ 
stant rate of stress apparatus. In the case of a yarn 
tester, the maximum elongation is normally about ten 
inches and, thus, the t>en can be attached directly to 
the lower sample hook, i.e., to the elongation drive, 
with the strain being registered directly on the chart. 
For fiber studies, where the maximum elongation seldom 
attains one inch, a more complicated strain recorder is 
necessary. (This recorder can also be used in the yarn 
tester if it is desired that the recorder be remote from 
the tester.) Essentially, the same recorder as used in 
the constant rate of strain apparatus is employed. 

The movement of the strain mechanism is reduced to 
the linear limit of the LVDT through the use of a 
micrometer. The arrangement is such that an LVDT 
core attached to the micrometer moves in an LVDT 
coil body in direct proportion to the movement of the 
strain mechanism. The output of this LVDT is placed 
in series bucking against that in the conventional 
recorder. The recorder pen then gives a linear repro¬ 
duction of the movement of the strain mechanism. 

F. Operation 

The apparatus described herein uses a ring dynamom¬ 
eter which has a displacement of 0.050 inch under a 
load of SO grams. In the recorder circuit, a set of 
potentiometers varying from 300 ohms to 15 ohms gives 
a set of load ranges varying from 50 grams in 10 chart 
inches to 1 gram in 10 chart inches. A sensitivity of 
several milligrams is obtained in all load ranges. In all 
load ranges, the recorder traverses full scale (10 inches) 
in less than two seconds. The record drawn is a smooth 
line except when the load is increasing or decreasing 
slowly, i.e,, approximately 0.02 gram per second or 
less. In this latter case, the record drawn consists t)f 
small steps the magnitudes of which are approximately 
the width of the pen line. The response of the recorder 
is rapid and, if no lag of reversal or starting is present 


in the elongation mechanism, there is no perceptible lag 
in the reversal or commencement of the recorder. 
Figure 5 shows several stress-strain curves of a single 
fiber of Rambouillet S6*s wool at 60 percent relative 
humidity. The three curves were taken successively at 
the same rate of elongation and identical chart speeds, 
but at varying load ranges. Curve 5^, with a load range 
of 200 milligrams per original chart inch, shows the 
stress-strain characteristics of the crimp in the wool 
fiber. Curve SBy with a load range of 1 gram per original 
chart inch, shows the relaxation and recovery of the 
wool fiber below the yield point. Curve 5C shows one 
complete cycle including relaxation, contraction and 
recovery of the wool fiber with a load range of 2.5 grams 
per original chart inch. It will be noticed that there is a 
small step-wise action of the recorder, particularly 
when the load is changing slowly. These steps can be 
eliminated by increasing the gain of the amplifier; 
however, increasing the gain, increases the sensitivity 
and any rapid or jarring action is liable to instigate 
hunting in the recorder. A balance between the two 
extremes is thus necessary and a slight step-wise action 
must be accepted if extreme stability is desired. 

The apparatus is operated in an ordinary, non- 
conditioned laboratory. The stress-measuring mecha¬ 
nism (the ring dynamometer and LVDT) is enclosed in 
a case, the only opening in which is a small hole in the 
bottom of the case for the lower rod supporting the 
upper sample hook. No drift of the recorder was noticed 
for periods of observation that lasted from twelve to 
forty hours for any of the load ranges. For normal 
operation, the amplifiers are continuously; sepa¬ 
rate switches which interrupt the line voltage across the 
field coils only of the induction motors are turned ‘"oflE” 
when the apparatus is not in use. 

G. Conclusions 

A constant rate of strain, stress-strain apparatus, 
employing a linear variable differential transformer 
with a ring dynamometer which has eliminated the load 
range limitations but has maintained the stationary 
stress-measuring point of the Sookne-Rutherford auto¬ 
graphic balance, has been constructed. The LVDT and 
ring dynamometer also readily lend themselves to 
application in a constant rate of stress apparatus. 

Sensitivity to within several milligrams is obtained in 
any of several load ranges varying from one gram to 
fifty grams. The recorder may be switched from one 
load range to another during an experimental run, since 
all of the load ranges have the same non-drifting, zero 
position. By moving the recorder LVDT coil body, the 
one-gram load range may be obtained at any point in 
the entire 50-gram load capacity. By using a heavier 
ring dynamometer, it should be possible to obtain load 
ranges up to 1000 jwunds with the same “degree” of 
sensitivity, if, naturally, the rest of the apparatus is 
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more heavily constructed. Similarly, ring dynamometers 
can be used to give increased sensitivity for very low 
loads. 
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his valuable suggestions and excellent craftsmanship in 
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Quartermaster Corps which supported this work, in 
part, under Contract No. W44-l()9-qm-1890. 
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Amplitude Bridge for Detection of Nuclear Resonance 

H. A. Thomas and R. D. Huntoon 
National Bureau of Standards, Washington, D, C. 

(Received March 17, 1949) 

A circuit for detecting nuclear resonance absorption is described that, unlike the rf bridge, is simple to 
construct and adjust and very insensitive to microphonics. The voltages in two branches of an rf network, 
one of which contains the coil and sample, are rectified by diode detectors and the audio outputs combined 
in such a way that noise modulation from the rf generator is balanced out but the desired signal is not. 

Experimental performance is discussed and typical signal-to*noise ratios are given. 


F or the measurement and stabilization of magnetic 
fields or other similar applications of nuclear reso¬ 
nance where a relatively strong absorption can be used, 
it is desirable to simplify the circuits and greatly reduce 
the disturbances due to microphonics at the expense of 
maximum signal-to-noise ratio. 

The radiofrequency bridge method developed by 
Bloembergen, Purcell, and Pound^ approaches the 
theoretical minimum noise figure but is extremely 
microphonic, because small phase changes as well as 
small amplitude changes give rise to an unbalance 
signal into the detector. Small vibrations alter the 



»Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 


reactances in the bridge as a first-order effect and the 
resistances only as a second-order effect. Thus a con¬ 
siderable reduction in microphonic response can be 
expected if the rf voltage in each half of the bridge is 
rectified by a diode and the outputs are combined in 
an audiofrequency bridge adjusted to balance out audio¬ 
modulation noise originating in the rf supply. Changes 
in reactance at audio frequencies due to microphonics 
are extremely small so that this arrangement is quite 
insensitive to them. 

The resulting bridge will detect only amplitude 
changes in the rf and is appropriately called an ampli¬ 
tude bridge.* It requires only an audio amplifier as an 
unbalance indicator instead of a complete radio re¬ 
ceiver. 

These advantages of circuit simplification and re¬ 
duced response to vibration are obtained at the expense 
of signal-to-noise ratio because of the noise contribu¬ 
tions from the diode detectors which are located at the 
point where the signal is still small. 

Figure 1 shows the details of a typical amplitude 
bridge for detecting resonances near twenty megacycles. 
The rf coil, Lu which contains the sample, is grounded 
directly to the upper end of the brass tube which forms 
the probe. The tuned circuit, Li—Ci, is fed through 
resistance Ru which has a value much higher than the 
resonant impedance, Ro, of Li-*Ci so that the low 
impedance of the signal generator will not lower the Q 
of the tuned circuit appreciably. 

If the noise and hum modulation in the output of the 
rf generator supplying the bridge circuit is not excessive, 
sufficient reduction of this noise at the audio output 
can usually be obtained by merely adjusting C#. How- 

* The amplitude bridge was first called to the authors* attention 
by the warUihc research of Dr. C. H. Page of the National Bureau 
of Standards. 
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Fkj. 2. Proton resonance line using a water sample 
adjusted with ferric nitrate. 

ever, in some cases it may be desirable to obtain a more 
complete audio balance by making and C 4 ad¬ 
justable. 

Magnetic sweef)ing is accomplished by applying a 
low-frequency voltage to the small Helmholtz coils 
located on either side of the upper end of the resonance 
absorption probe. In this way the resonance line can 
be displayed on an oscilloscope. Figure 2 shows a proton 
resonance line using a water sample adjusted with 
ferric nitrate. The value of the polarizing field was 4700 
gauss, the line width 0.25 gauss, and the amplifier 
band width extended from S to 2000 cycles. 

As predicted by the theory [1] there is an optimum 
operating level for the rf field in the sample. Figure 3 
shows the absorption pip voltage out of the bridge vs. 
the rf voltage across Li, The total noise of bridge and 
amplifier and the signal-to-noise ratio for two types of 
diodes are also shown plotted against rf level. It will 
be noticed for both the crystal diodes and the oxide- 
coated cathode high vacuum diodes that the noise 
voltage increases linearly with the rf level and hence the 
optimum signal-to-noise ratio does not coincide with 
maximum absorption signal. The noise shown is mainly 
due to the diodes, and in the case of the high vacuum 
diodes, results from the flicker effect. The amplifier and 
thermal circuit noise were relatively quite low. 

It can be shown theoretically that the noise figure of 
a properly designed system with high vacuum diodes 
should be less than 10 if shot noise from the diodes 
were the sole source of noise aside from the Johnson 
noise of the circuit elements. The noise figure for 
optimum operating conditions is found to be of the 
order of 500 to 1000 for the diodes used. The crystal 
diodes shown were expected to be noisy but were used 
in the interests of simplicity. High vacuum diodes were 
expected to be better but were fotmd to offer only a 



Fig. 3. Signal and noise characteristics of amplitude bridge. 


small improvement because of the flicker effect from 
the oxide cathodes. Figure 3 shows a comparison of the 
results obtained for the two different types of diodes. 
Tungsten filament diodes, which should not suffer from 
flicker effect, were tried but the exi>ected improvement 
was not observed because of other difficulties such as 
loss of rectification efficiency and noise from the filament 
supply. 

As will be seen from Figs. 2 and 3, quite usable signal- 
to-noise ratios were achieved in spite of the relatively 
high noise figure. With the addition of an audio phase 
detector, or lock-in amplifier, the signal-to-noise ratio 
was greatly improved, as would be expected. Such an 
arrangement has been used successfully in a feed-back 
loop to control a magnetic field by injecting correction 
current into auxiliary coils on the main magnet. 
A stability of 2 parts per million for a 1 percent change 
in main exciter current was observed.* 

Those who have had experience with balancing an rf 
bridge at these frequencies will appreciate the simplicity 
of adjustment of the amplitude bridge. Tuning the 
absorption coil to resonance and rough equalization of 
the two detector outputs by adjustment of C® is usually 
all that is required. Experience has shown that once 
this adjustment has been made, the equipment needs 
no further attention throughout the useful life of the 
diodes. Furthermore, the resonance probe may be 
moved at will in the magnetic field with little or no 
difficulty due to microphonics. 

It should be noted that the amplitude bridge does 
not respond to what Blocmbergen, Purcell, and Pound 
call the dispersion part of the nuclear resonance signal. 
Neglecting a very smhll second order correction only 
the absorption component is detected. 


•Thomas, Driscoll, and Hippie, Phys. Rev. March 1, 1949^ 
(in press). 
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A Cardiotachometer Based on the Plethysmogram 

E. E. Suckling 

Lon^ Island CoUef>e of Medicine^ Brooklynf New York 
(Received March 17, 1949) 

An instrument is described which enables the puls^ rate in humans to be continuously observed. The 
pulsations ftcnerated in a partially inflated blood pressure measuring cuff are converted into electrical 
pulses and applied to a counting rate circuit. 


T he metering of heart rate in humans is often 
done from the electrocardiogram. The steep R 
wave which is a millivolt or more in amplitude can be 
made to operate circuits which will measure either the 
time duration between pulses^ or the number of pulses 
a minute. 

In some circumstances it is inconvenient to attach 
electrodes to the skin of the patient’s chest or arms 
and in othet cases electrical interference may cause too 
great a disturbance to the electrocardiogram to enable 
reliable signals to be obtained. In these circumstances 
the unit to be described is useful since it is unaffected 
by electrical disturbances and connection to the patient 
involves only a standard blood pressure cuff fastened 
about the lower part of the calf muscle and inflated to 
a low pressure. The input signal to the present instru¬ 
ment is derived from the alterations in cuff pressure 
which accompany the volume pulse in the arterial 
system. Such changes in cuff pressure are commonly 
employed to drive recording tambours in the clinical 
estimation of blood pressure by the oscillatory method. 

The cuff comprises a rubber bag enclosed in a bandage 
with a length of rubber tubing leading from the bag to 
the tambour and inflater. The tambour is a brass 
cylinder of two inches diameter covered at one end 
with 2-mil copper foil. Movements of this copper foil 
diaphragm are caused by the pressure changes within 
and are detected by a piezo electric gramaphone pick-up 



_1- Tambour with piezoelectric transducer. 

1 R. E. Sturm and E. H, Wood, Rev. Sci. Inst. 18, 771 (1947), 


as shown in the photograph (Fig. 1). From this system 
pulse waves of a few millivolts are obtained when the 
cuff is inflated to a pressure of 30 millimeters of mercury. 
Figure 2 shows am oscillogram of the resulting wave. 
Too great a pressure between pick-up and drum seems 
to cause fatigue of the crystal and the set screw is 
adjusted so that a light contact is made when the cuff 
is inflated. Adjustment is seldom needed. 

The amplifier and counting circuits (Fig. 3) are 
operated from batteries in order to minimize 60 cycle 
noise which might otherwise cause incorrect triggering 
of the counting circuit. Three stages of amplification 
build up a sufficient voltage to pass current through the 
IQS tube which is normally biased to near cutoff. 
The relay in the 1Q5 plate pulls in at each pulse and in. 
doing so lights a lamp which gives a visual indication of 
heart action and shows by its regularity that the unit 
is operating satisfactorily. In addition this relay has a 
set of three contacts of which the moving one is con¬ 
nected to condenser C5. C5 collects a charge from 
potentiometer P during the time between beats and 
when a beat occurs cames the charge across to share it 
with C6 and C7. C6 and C7 have a slow fixed leakage 
rate and thus take up a mean voltage which depends on 
the original potential to which C5 is charged and the 
frequency with which it donates charge to C6 and C7. 
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The two 1P5 tul>es operate as a vacuum tube voltmeter 
to measure the potential of C7. With the circuit param¬ 
eters given a (V-200 microammeler can be calibrated 
fairly linearly for counting rates between about 30 and 
200 pulses a minute and the pointer will move only very 
slightly between pulses. 

In use the cuff is attached to the leg (or arm) and 
inflated to a pressure of about 30 millimeters of mercury. 
The instrument (Fig, 4) is then turned on and as con¬ 
densers C6 and C7 charge the pointer settles in a few 
seconds at the position on the dial corresponding to 
the pulse rate. The lamp flickers steadily in synchronism 
with the pulse. Any movement of the muscle around 
which the cuff is bound of course causes extraneous 




Fio. 4. Complete unit. 


such a disturbance equilibrium is restored in a few 
seconds. In anesthetized patients steady indication of 
pulse rate during an operation has been demonstrated 


pulses to be generated in the machine but following without difficulty. 
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Syringe Oxygen Cathode for Measurement of Oxygen Tension in 
Solution and in Respiratory Gases 
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A method is described for measuring oxygen tension in Ringer solution which utilizes the principle 
of the polarograph, but substitutes a platinum wire cathode for the usual dropping mercury electrode. 

The wire cathode and a calomel anode are mounted in the piston of a hypodermic syringe into which 
the solution is aspirated for analysis. Sensitivity and reproducibility are evaluated. Extension of the 
method to the analysis of gaseous oxygen is also described. 

S INCE 1924, when Heyrovsky showed that reduced at the dropping mercury cathode/ this 
oxyge n, dissolved in electrolyte solutions, * is reaction h as occasionally been us^ to follow res- 

• The praeat investigation was aided in part by a want the University of Chicago Toxicity Laboratory. Under the 
from the Dr. Wallace C, and Clara A. Abbott Memorial Fund terms of the contract the Chemical Corpjs neither restricu 
of the University of Chicago, and in part under contract be- nor is responsible for the opinions or conclusions of the authors, 
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piration in vitro,^^ ("umbersome and costly in 
commercially available forms, the dropping mer¬ 
cury electrode assembly or polarograpH has not 
been widely used as a respirometer though a 
simplified modification has been described.® A major 
forward step was taken in when, though 

the fact had been known before,^® it was more ex¬ 
tensively shown that the dropping mercury elec¬ 
trode could be replaced in a large number of 
analyses by a platinum wire electrode. Beside the 
advantage of using platinum rather than mercury 
in contact with biological systems, such a change 
makes the'cntire instrument far simpler and more 
versatile. In 1938, Blinks and Skow^^ used such an 
electrode to study oxygen exchange by respiring 
and photosynthesizing leaves, no further botanical 
exi)eriments being made with a metal cathode until 
1942.^^ To Davies and others working in Dr. D. W. 
Bronk^s laboratory, however, should go the credit 
for initial extensive experiments with a platinum 
wire microcathode applied to the measurement of 
oxygen tension in animal tissues in vivo and to the 
measurement of oxygen consumption by small bits 
of surviving tissue in viiro.^^'^^^ Others too have 
used the instrument for measuring oxygen tension 


*0. Muller, The Polarographic Method of Analysis (J. Chem. 
Ed, Publ., Easton, Pa., 1941). 

* P. Baumberger, Cold Spring Harb. Symp. Quant. Biol. 
7, 195 (1939). 

* H. G. Petering and F. J. Daniels, J. Am. Chem. Soc. 60, 
2796 (1938). 

* K. S. Karsten, Am. J. Dot, 25, 14s (1938), 

* R. J. Winzler, J. Cell. Comp. Physiol. 17. 263 (1941). 

^ H. G. deBuys and R. A. Olson, Am. J. Bot. 27, 401 (1940). 

* W. M. Manning, Ecology 21, 509 (1940). 

* Beecher, Follanskee, Murphy, and Craig, J. Biol. Chem. 
146, 197 (1942). 

‘®S. GWstone and G. D. Reynolds, Trans. Faraday Soc. 
29, 399 (1933). 

“ S. Glasstone, Trans. Am. Electrochem. Soc. 59, 277 (1931), 
“ E. Salomon, Zeits. f. physik. Chemie 25, 365 (1898). 

“ L. R. Blinks and R. K. Skow, Proc. Nat, Acad. Sci. 24, 
420 (1938). 


“ R. Kolkwitz, Ber. der deutsch. bot. Ge». 60, 306 (1942). 
P. W. Davies and F. Brink, Rev. Sci. Inst. 13, S24 (1942). 
P. W. Davies and F. Brink, Fed. Proc. 1, 19 (1942). 
Bronk, Larrabee, and Davies, Fed. Proc. 5, 11 (1946). 
^•P, W. Davies, Fed. Proc. 5, 21 (1946). 

Posternak, Larrabee, and Bronk, Fed, Proc. 6,182 (1947). 
” Bronk, Brink, and Larrabee, Fed. Proc. 7, 14 (1948). 

1 Bavies, Grenell. and Bronk, Fed. Proc. 7, 25 (1948). 

Davies and A. Remand, Proc. Ass. fes. Nerv. 
Ment. Dis. 26, 205 (1946). 



in brain, in A platinum microelectrodc has 

also been used for analyses in a flowing stream of 
"electrolyte.®* Similar experiments have been 
begun by the author.®* The desirability, in certain 
instances, of taking the measuring instrument to 
the tissue left in its near normal environment rather 
than bringing the excised tissue to the measuring 
instrument is obvious. Up to now, however, the 
method has not l^een made available in simple, in¬ 
expensive form even for in vitro applications. It is 
the purpose of this communication to describe and 
evaluate the oxygen tension measuring perform¬ 
ance of a Pt cathode mounted, together with a calo¬ 
mel anode, in the piston of a hypodermic syringe. 

For a discussion of theory one should consult the 
monograph of Kolthoff and Lingane®® and other 
cited references. Suffice it here to say that if a 
Pt cathode immersed in an electrolyte solution be 
maintained at about 0.8 v with respect to a non- 
polarizable anode, then the current which flows is a 
straight line function of the oxygen tension of the 
solution (Fig. 4). 


CONSTRUCTION 

Figure 1 shows the method of insulating the Pt 
lead; Fig. 2 shows the electrodes as placed in the 
syringe; Fig. 3 shows the circuit diagram. 

A bit of Pt wire (0.1~0.2 mm diam.), soldered to 
a similar copper lead, is thrust through rubber 
tubing (2 mm o.d. app.) into a soft glass tip (1-2 
cm of 1-2 mm i.d.) until the wire protrudes. After 
taping the copper lead to the rubber tube, the glass 
tip is flame sealed to the wire and the wire cut off. 
How much Pt is left exposed should depend upon 
galvanometer Sensitivity. The smaller the electrode 
the smaller the current, the more micro the instru¬ 
ment, the more rapidly does the electrode become 
polarized and the more rapidly can measurements 
be made. 


** Roaeman, Goodwin, and McCulloch, J. Neurophysiol. 9, 
33 (1946). 

** Davis, McCulloch, and Roseman, Am. J. Fsychiat. 100, 
825 (1944). 

•* Bronk, Brink, Connelly, Carlson, and Davies, Fed. Proc. 
6, 83 (1947). 

**0. Mulksr. J. Am. Chem. Soc. 69, 2992 (1947). 

Carlson, Brink, and Bronk, Fed. Proc. 7, 18 (1948). 

« J. M. Tobias and R. Holmes, Fed. Proc. 6* 215 (IW). 
M. Koidsofl and 1. J. Ling:aiie, P^rograi^y (Inter* 
fdenoe Publiahem, Inc., New Vork, 1946). 
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The syringe plunger top is now cut off and the 
distal end opened by grinding with carborundum. 
One thus has a hollow tube which fits tightly into 
the syringe barrel. The Pt electrode and a small 
calomel half cell (Coleman titration reference elec¬ 
trode 5745) are placed in the piston, their tips flush 
with the opened distal end. This unit is made rigid 
by closing the proximal end with de Khotinsky 
cement. With care to leave the electrode tips ex¬ 
posed, the piston is filled with paraffin, de Khotin¬ 
sky or some other suitable substance. Such a 
plunger can now be used to aspirate fluids into or 
eject them from the syringe. Oxygen tension of the 
fluid so aspirated can then be measured by the 
protruding electrodes. 

This construction is, of course, variable. For 
small amounts of fluid smaller syringes and modi¬ 
fied anodes can be usc*d. The solid pistons of very 
small syringes must be replaced by tubing ground 
to fit the cylinder, or one can use the small Yale 
syringes for gravity injection which have a sidearni 
through which the anode or cathode can enter. 

Beyond the above one requires only a 1.5 v 
dry cell, three variable resistors, a switch and a 
galvanometer. A Rubicon No. 4625 galvjinometer 
(sens. 0.007 jua/mm) is suitable for use with all but 
very small electrodes. To allow for using electrodes 
of widely varying resistance, thus obviating the 
need for their precise reduplication, two resistors 
are set up as a universal shunt. 

OPERATION AND PERFORMANCE IN 
ANALYSIS OF SOLUTIONS 

Statistical evaluations are in terms of standard 
error given by should be vig¬ 

orously emphasized at the outset that the measur¬ 
ing syringe must lie quietly on some surface during 
and for about one minute before current measure¬ 
ment. Otherwise varying amounts of oxygen are 
stirred toward the cathode and current readings 
become wninterpretable. The case of maximum or 
constant stirring*® will not be considered here. 

The sim plest calibration method is to measure 

J. Strong, Proeadures in Experimental Physics (Prentice- 
HalL lnc„ New York, 1W3). 

^ R. A, Fisher, StatistiaU Methods for Research Workers 
(CPver and Boyd, Londdn, 1946). 



Fig. 4. Typical calibration curve. 


current when the syringe contains solutions of 
differing but known oxygen tensions. A current- 
oxygen tension curve so obtained gives both sensi¬ 
tivity and a conversion factor. Study of such curves 
obtained in different ways has revealed pitfalls and 
ways of avoiding them. AH data have been obtained 
with the cathode 0.8 v to a calomel half cell. 

A typical calibration curve is shown in Fig. 4. 
It becomes apparent, on repetition, that the rela¬ 
tion is constantly linear, and the curve should con¬ 
sequently be obtainable, with measurable error, 
from two points. Therefore, performance has been 
studied using mainly air saturated or essentially 
oxygen free (bubbled with tank Nj-oxygen partial 
pressure 0,25-0.5 percent barometric) frog Ringer 
solution. 

First of all, variation of sensitivity was examined 
from day to day. For one electrode, 19 measure¬ 
ments in 18 days gave an average of 0.3150dt:0.0173 
microampere (^a) per 150 mm mercury partial 
pressure change in oxygen tension. Extrapolating 
from this full-scale sensitivity and from the known 
solubility of oxygen (0.037 cm jier cc per mm par¬ 
tial pressure at 25®C) a change of 1 mm on the 
galvanometer scale is found equivalent to a change 
of about 0.12 cm oxygen per cc. However, the 
accuracy indicated is only achieved without more 
frequent calibration if many (about 20) measure¬ 
ments are made, and, from any two measurements, 
the determination of a difference may be in large 
error. It was also found that beside a 5.5 percent 
S.E. in sensitivity (slope) the absolute value of 
any one current point could vary ‘ considerably. 
Thus, in 150 measurements chosen at random from 
several weeks experiments, the current in air 
saturated solution was found to average 0.3238 
d=0.0098 Ma (a range of 0.2600-0.5800). Some elec¬ 
trodes have been more stable, the variability per¬ 
haps being in surface properties of the cathode and 
degree of polarizability of the calomel cells. Such 
data soon accumulate, however, for all electrodes 
being used and clarify how any one must be con¬ 
trolled for a particular need. 
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Fig. 5. Shadowing of electrode on approaching a surface. 

Even an electrode as variable as the above is 
much more stable over a shorter time, hours in¬ 
stead of days. Thus, 0.5 cc samples of air saturated 
or oxygen free solution were aspirated alternately, 
at 6 minute intervals, over a total time of two 
hours. In all cases, current was measured at pre¬ 
cisely 1 minute after closing the circuit, and the 
current was not allowed to flow longer than 1 
minute. In the interval between measurements 
polarization effects decay. Under these conditions 
both sensitivity and absolute current value in air 
saturated solution arc much more constant. Thus, 
1 minute current values at air saturation were re¬ 
producible with an S.E. of only 0,6 percent of the 
mean, and the sensitivity values with an S.E. of 
0.7 percent of the mean. It is useful to see what 
this means in terms of changes in oxygen volume. 
In Ringer solution, at 25®C, the solubility of oxygen 


is about 0.028 cc per cc at 760 mm. Therefore, 
the amount of oxygen dissolved changes by about 
0,037 cm per cc per mm partial pressure or by 
about 5.6 cm per cc for full scale sensitivity (full 
scale = 150 mm p.p.). With the galvanometer used, 
a 1 mm deflection corresponded to about 3 mm 
partial pressure or a change in dissolved oxygen of 
about 0.2 cm per cc. Since it is partial pressure 
which is actually measured, the sensitivity must 
increase as the volume decreases. In other experi¬ 
ments, using modified electrodes in a 1 cc tuberculin 
- syringe, comparable stability and reproducibility 
were achieved with volumes of only 0.02-0.05 cc 
wherefrom one can calculate that in such volumes 
a 1 mm deflection on the galvanometer scale should 
correspond to a change of about 0.004-0.01 cm of 
dissolved oxygen. For comparison with other micro- 
respirometers see Tobias*^ or Click.** The standard 
error and reproducibility of this measurement are 
not yet known. It will, in all likelihood, not be as 
good as that for full scale sensitivity. However, the 
use of more sensitive current measuring devices 
should increase reproducibility as smaller differ¬ 
ences arc measured. 

Experiments have also been done to show the 
desirability of leaving the current on for only a 
short period of time. It was found that readings at 
three minutes after closing the circuit, without im¬ 
pressed intermittent depolarization, yielded air 
saturation points tending to fall with time (in two 
cases falling 8 and 21 percent in 1.5-2 hours) and 
varying with a standard error of 1.4-3.4 percent 
of the mean. Under these conditions, sensitivity 


Table I. Reproducibility of current with gas and ringer in syringe. 


Ni 

Gas 

Air 

Current. 

Oj 

Ni 

Gas 

Air 

Current, 

o» 

Nt 

Gas 

Air 

Current, 

Gas 

Air 

Current, ma 

Gas 

Air 

Current, m 

0.0757 

0.8250 

3.695 

0.0734 

0.3820 

1.499 

0.0730 

0.8780 

1.8.S8 

0.3771 

0.0757 

0.8630 

3.715 

0.0734 

0.3800 

1.698 

0.0730 

0.8630 

1.845 

0.3500 

0.0757 

0.8690 

3.695 

0.0671 

0.3940 

1.569 


0.8360 

1.858 

0.3795 

0.0775 

0.8650 

3.715 

0.0671 

0,3630 

1.569 

0.0695 

0.8320 

1.858 

0.3695 

0.0775 

0.8650 

3.755 

0.0671 

0.3750 

1.500 

0.0730 

0.8260 

1.780 

0.3719 

0.0817 

0.8900 

3.770 

0.0650 

0.3585 



0.8360 

1.804 

0.3882 

0.0796 

0.8950 

3.770 

0.0629 

0.3650 


0.0695 

0.8580 

1.699 

0.4030 

0.0754 

0.9310 

3.770 

0,0629 

0.3710 


0.0730 

0.7470 

1.923 

0.4300 

0.0692 

0,8900 

3.770 

0.0608 

0.3775 



0.7800 

1.671 

0,4102 

0.0712 

0.8840 

3.770 

0,0608 

0.3686 




1.725 

0.3965 




0.0629 V 

0.3709 




1.699 

0,4050 





0.3709 




1.750 

0.3900 





0.3755 




1.750 

0.4160 





0.3730 




1.685 

0.4150 





0.3755 




1.763 

0.4190 





0.3709 




1.750 

0.4190 





0,3628 




1.830 

0.4210 





0.3628 




1.763 

0.4360 





0.3690 




1.830 


Means* 










0.0759 

0.8937 

3.743 

0.0658 

0.3694 

1.566 

0.0718 

0.8284 

1.792 

0.3976 

±0.0012 

±0.0067 

±0.0106 

±0,0013 

±0,0018 


±0.0007 

±0.0141 

±0.0163 

±0.0057 


* RetlablUty given ag ± S. E. 


"J. M. Tobias, Phviiol. Rev*. 2i, 51 (1943). 

D. Click, Techniques of HisUh and Cytotkemisiry (Interscience PubHahers Inc.* New York, 1949). 
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Table II. Comparison of analyses for gaseous oxyegn 
by syringe cathode and Haldane apparatus.* 


Syringe cathode Haldane DUference 


Partial 
preomire. 
mm Hg 

Vols. 

% 

Partial 
pressure, 
mm Hg 

VoU. 

% 

Partial 
presgure. 
mm Hg 

Vols. 

% 

181 

24.4 

185 

24.9 

4 

0.5 

150 

20.1 

150 

20.1 

0 

0.0 

156 

20.9 

148 

19.9 

8 

1.0 

115 

15.4 

117 

15.7 

2 

0.3 

73 

9.8 

75 

10.3 

2 

0.5 




Mean 

3.2 

0.46 


* Each datum the average of duplicatea. 

too was found to decline with time and to vary 
with a standard error of 2.3-3.3 percent of the 
mean. Impressed intermittent depolarization (re¬ 
versing the direction of current flow for a time 
equal to that of the preceding run) prevented the 
declines with time but did not materially lessen 
the standard errors. Therefore, using a short time 
of current flow, 1 mirtute as in previous trials, 
favors both stability of a given point on the curve 
and reproducibility of sensitivity. 

Since the method depends on the rate of diffusion 
of dissolved oxygen toward the cathode, any thing 
which interferes with such diffusion must either 
interfere in a constant or negligible fashion or cur¬ 
rent readings will not accurately reflect oxygen 
tension in the body of solution. Thus, if a cathode 
in a solution of uniform and constant oxygen ten¬ 
sion is brought closer and closer to some surface 
the surface eventually interferes with diffusion 
toward the electrode, casts a kind of shadow, and 
the current may fall as shown in Fig. 5. Distance and 
the effect on current will vary depending on the 
size of the cathode. As the cathode is made smaller 
it can approach more closely to a surface without 
such an effect manifesting itself. The fact is noted 
here because a solid object in the syringe barrel 
could cause serious difficulty unless its position 
were rigidly controlled. Therefore, also, for high 
precision, unless large volumes are used, calibra¬ 
tion probably should be done in the same volume 
of solution as is to be used for the unknown. 

What magnitudes of variation in salt concentra¬ 
tion are important is not yet clear. It was found 
that in pure KCl solutions varying from 0.1 to 0.0025 
M, air saturation current was no less stable for all 
concentrations taken together than for any given 
concentration. Since, however, there are many in¬ 
stances where the supporting electrolyte makes a 
great deal of difference,** it would probably be wise 
to measure the effect of concentration on stability 
in each case considered. 

ANALYSIS OF RBSPERATORY GASBS 

The procedure can also be adapted to analysis 
for gaseous oxygen. The modifleation required is 


that one introduces only a small but constant vol¬ 
ume of Ringer solution into the syringe. Then a 
sample of the gas in question is drawn in, equili¬ 
brated with the solution, and the oxygen tension 
of the solution is measured. 

Current reproducibility with nitrogen, air or 
oxygen in the syringe over frog Ringer is shown in 
Table I. Different electrodes were used, and it is 
seen that the current was stable, on the average, 
within a standard error of about 1.1 percent of the 
mean. 

Calibration curves are similar to that shown in 
Fig. 4. In all cases a 2 cc syringe was used. After 
measuring 0.1 cc of Ringer into the syringe, a 1.5 
cc sample of the gas mixture to be analyzed was 
drawn in, shaken with the Ringer and expelled. 
This was repeated three times. A fourtli sample 
was left in and the syringe tip closed. Gas and 
Ringer were now vigorously shaken for 30 sec. 
Following this the syringe was held upside down for 
1 minute in a clamp, to drain solution down on to 
the electrodes. Then the circuit was closed and the 
current read 1 minute later. 

Analyses of several gas mixtures by the electrode 
method and by the Haldane technique are shown 
in Table II. The average difference by the two 
techniques was 3.2 mm partial pressure of oxygen 
(range 0-8) or about 0.5 vol. percent. Since this 
application of the technique does not serve the 
author’s main interests, no extensive study of pre¬ 
cision has been made. It seems worthwhile, however, 
to report the method as a potentially useful one. 

So much for general description. Details on par¬ 
ticular application should be considered in context. 
Calibration experiments were all done with maxi¬ 
mum care. Measurements were made at constant 
intervals, the syringe was always washed out a 
constant number of times at a more or less constant 
rate, and stereotypy in running experiments was 
carefully cultivated. It is to be anticipated that 
when used with tissues, with almost surely some 
protein in solution and with occasional irregu¬ 
larities in technique required, the precision demon¬ 
strated here may not obtain. Nor can one freely 
extrapolate from reproducibility of full scale sensi¬ 
tivity to reproducibility for very small changes. 
Such evaluation will emerge with use of the 
instrument. 
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A Dry Box for Handling Alkali Metals and Other 
Extremely Hygroscopic Materials* 

Kugksk K, Kktchkk, Forkbst A. Tritmhone. 

W, E. Wai.i.ai'E, and H. S. Craic. 

Oe(>tirtm€ni of Chemistry, Vttivrrsity of PiUshurg;h, Piltsburgh, Pfnnxylpanio 
April 28. 1049 

T here are many laboratory ]iroce(lurcs which require the 
use of materials and reagents which readily absorb moisture 
from the atmosphere. It is well known that where extremely* 
hygroscopic substances are involved, even the simplest laboratory 
manipulations become complicated and cumbersome if complete 
protection from moisture is demanded. At the present time an 
investigation is under way in this laboratory to determine certain 
thermochemical characteristics of elemental sodium and potassium 
and the binary alloys composed of these two metals. Because of 
the extreme reactivity of these materials toward atmospheric 
moisture, it has been necessary to devise a special technique for 
use in handling samples. It has occurred to us that this technique 
may l>e of interest to others dealing with substances exhibiting 
comparable affinities for water vapor. 

In the early stages of the work all manipulations were carried 
out in a rather conventional high vacuum system. Residual gas 
pressures were reduced to the limit of a gooti mercury diffusion 
pump before beginning a given sef|uencc of operations involving 
the alkali metal samples. The necessary motions in the vacuum 
system were accomplished using suitable arrangements of ground 
joints, metal bellows, magnetic devices, etc. Those familiar with 
high vacuum techniques and remote control operations will rec¬ 
ognize that a trouble-free system designed along these lines will 
be difficult, if not impossible, to construct and maintain. More 
recently the various operations have been carried out in a specially 
constructed chamber patterned in principle after the dry boxes 
which have frequently been employed in handling hygroscopic 
materials. 

The dry box currently in use was constructed of a piece of 
Pyrex glass pipe 12 inches in diameter and 18 inches long. The 
glass wall is about j inch in thickness. The two ends of the pipe are 
fitted with cadmium plated steel caps which arc clamped onto the 
pipe and provided with Neoprene gaskets to form gas-tight seals. 
In each of the metal caps there is a hole about six inches in di¬ 
ameter accommodating a Neoprene glove which enables the 
operator to work in the closed cumber. The Neoprene gloves are 
held to the metal cap by a gas-tight ring and gasket arrangement 
that can be removed to permit access to the working chamber. 
A view of the assembled chamber is shown in the accompanying 
photograph. 

To illustrate the operation of the dry box suppose we consider 
an actual case. In our work it is frequently necessary to transfer 
a small sample (about 0.2 ml) of liquid alloy from a stock bottle 
to a small glass Imlb sample container which Is subsequently 
crushed to allow the alloy to react with water in a calorimeter. 
The stock bottle, sample container, hypodermic syringe, and 
other needed accessories are placed in the working chamber 
which is then sealed and evacuated down to 2'-3-micron8 pressure.' 
At this stage it is necessary to provide a means of evacuating the 
interior of the gloves (where the hands will be inserted later) 
since they would either inflate and burst or develop porosity 
while sustaining a full atmosphere pressure differential. The 
interior of the gloves is evacuate with any auxiliary pump capable 
of attaining a pressure of a few millimeters or by using the pump 
which backs the diffurion pump. A metal disk bolted to the metal 
caps mentioned earlier with appropriate gaskets and provisions 
for connecting to the pump serves as the vacuum seal for ex¬ 
hausting the interior of the gloves. 



Fig. 1. View of the dry box. Parts of the lines fur evacuating and flooding 
the chamber with helium are visible at tl>e right. The metal disks used 
while evacuating the interior of the gloves have been removed from the 
metal cups and are to be seen lying cm the table. 

After the chamber has been evacuated, it is refilled with helium 
gas which has been'purified by passing over activated charcoal 
at a pressure of 1000 Ib./in.* or more and liquid nitrogen tempera 
turcs. As a further clean-up procedure, a “getter” of metallic 
potassium or sodium-potassium alloy is exposed to the helium 
atmosphere. The chamber is then ready for transferring the alloy 
sample. The hypodermic syringe is used to pipcl a sample of the 
desired size into a sample bulb blown on the end of a glass tut>e 
which terminates wi the other end in a standard taper joint. The 
sample container Is then capped with a suitable glass in ter joint 
provided with a vacuum stopcock to isolate the transferred sample 
from the surrounding atmosphere. The dry box can then be 
opened, the enclosed sample attached to a vacuum system, the 
protective atmosphere of helium pumped away and the sample 
sealed off under vacuum until needed. The weight of the alloy 
sample can of course be determined from the known weights of 
tbe empty and filled bulb after applying certain buoyancy cor¬ 
rections. The samples transferred by the technique described 
appear to be entirely free of contamination due to moisture, 
judging from their bright mirror-like surfaces. Sodium-potassium 
alloys develop a tarnished surface with extreme rapidity when 
exposed to a moist atmosphere. 

The experimental chamber has been used to handle pure 
potassium (which appears to require an unusually clean atmos¬ 
phere), a numlier of sodium-potassium alloys of varying com¬ 
positions, and certain hygroscopic salts which had to be main¬ 
tained as nearly anhydrous as possible. It has proved to be quite 
satisfactory in dealing with these substances and should be 
readily adaptable to the manipulation of other hygroscopic 
materials. 

♦ Contribution No. 720 from the Department of Chemlctry, Univereity 
of Pittsburgh. ThU work was supported by a basic research grant from the 
ONR. Contract N6orl43, No. 2. 

1 In this technique a better vacuum is not necessary since the partial 
ressure of impurities in the Ivelium protective atmosphere probably exceeds 

microns by a factor of ten or more. 


Several Improvements on the “Philip’s Oauge*’* 

C. Hayashi, K. Hashimoto, K. Kanbico, 

K. OltAMOTO, AND R. SAOANB 
Dfpartmtnt of Phyxks, Tokyo UniversUy, Tokyo, Japan 
March 2S. 1949 

I N an article in this Journal, H. G. Picard** has described the 
so-called ^Thiiip's gauge,” or cold cathode ion gauge. The uk 
of an axial magnetic field with only a few thousand volts of either 
a.c. or d.c. mdkes it possible to measure pressures in the range of 
1X10^ to iXlQr* ram of Hg. Since this type of gauge grMtly 
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simplifies the measurement of low pressures, it is desirable to 
extend its range to the region of 10*** mm of Hg, as well as to the 
region 10“^ mm of Hg. 

During about eight years experience in the use of this type of 
gauge, our laboratory has developed several desirable improve¬ 
ments, based chiefly, as indicated below, on a variation of its 
geometrical configuration and dimensions. 

I. Use of this type of i,auge in the region of 10"* mm of The 
gauge, 10 cm in diameter, which is shown in Fig. 1, is used for 
this purpose. A current-pressure curve taken under certain fixed 
conditions is given in Fig. 2. If the dimensions of the gauge are 
increased, it is possible to measure much lower pressures. The 
necessary magnetic field strength usually decreases in this case, 
although several different modes or types of discharge exists. 
Since pressures lower than 10^® mm of Hg can be measured, this 
large type of Philipps gauge may easily be use<l at the high voltage 
end of a Van de Graaff generator, and in similar applications. 




2. Use of the cylindrical electrode to increase the current for a given 
vacuum. —The ring electrode, w'hich is usually used, was replacwl 
by the cylindrical electrode, as shown in Fig. 3. This increased the 
current by a factor of 2 to 3, and also improved its stability. 

Of course, the current for any given vacuum is increased by 
enlarging the anode. Also the orientation of the cathode and 
anode affects the stability of the discharge near its high vacuum 
limit. 

3. Use of this gauge to measure pressures of OJ mm of Hg and 
higher, —This can be done by reducing the dimensions and also 
the applied voltage, although the necessary magnetic field strength 
is greatly increased (over 1000 oersteds). 

4. Use of this gauge as a type of safely relay. —Figures 4 and 5 
show several characteristic curves for the gauge using a box 
cathode and a ring anode. The dimensions of the box were 6 
X15X15 mm. The ring anode was 2 turns of 1-mm copper wire. 
In Fig. 4 the ring had an inner diameter of 4.5 mm, and in Fig. 5, 
2.0 mm. The magnetic field strength in each case was 1070 
oersteds. 


1070 oersted 
ISOV 



Fig. 2. 
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The position of sharp increase of current has a very good re¬ 
producibility and depends largely on the dimensions of the gauge. 
Fine adjustments can be made by changing the applied voltage. 

The work has been financed by the Applied Research Fund as 
well as the Scientific Research Fund of the Ministry of Education. 

*F. M. PennttiK: Physlca 3. 873 (1936); 4. 71 (1937); Philip Tech. 
Rev. 2. 207 (1937). 

Robert G. Picard. Rev. Sci. fnst. 17. 125 (1946). 


Some Statistical Considerations on 
Coincidence Cotmtihg 

AKTHtTR Sard 

Dipartment of MaihemiUics, Queens College. Flushing, York 

AND 

R. D. Sard* 

Department of Physics. Washington University, St, I^uis, Missouri 
April 28, 1949 

I N cosmic-ray and nuclear-physics research the coincidences 
recorded with a particular experimental arrangement are 
sometimes necessarily the result of two effects. For example^ in a 
recent measurement^ of delayed coincidences between incident 
mesons and the electrons resulting from their disintegration, 103 
counts were recorded in the double-coincidence channel covering 
delays from 4.6 to 5.25 microseconds. Some of these 103 counts 
are due to actual meson disintegrations, the rest to chance coin¬ 
cidences; and there h no way for the apparatus to disentangle the 
two types of event. But one can calculate, from measurements 
of individual counting rates and of the channel width, the expected 
number of chance-coincidences (casuals), which In this example 
comes out to be 41. One knows, furthermore, that the distribution 
of the casuals is Foissonian, as is that of the realsf and that the 
two distributions are sensibly independent. The problem is to 
estimate the expected number of reals and the standard error of 


this estimate. Known procedures in the theory of stochastic 
variables lead to the following estimates. Estimate the mean 
number of reals as 103*^41 **62. Estimate the standard error of 
the preceding estimate as (103) ^ 

We proceed now to justify these estimates. Let x be the number 
of reals, y the number of casuals, and the number of 

observed coincidences in an experiment. Let the operator E 
denote taking the expected value (mean), and let a and be 
respectively the means of x and y. Then 
^Ex-^Ey^E{x~{~y)^Ex. Wc know further that since x and 
y are independent Poissonian stochastic variables, z is also 
Poissonian.* Then the probability of a s is 

exp (a+^)*/zl (1) 

We know 0 and wc have one observation of the quantity z. We 
wish to estimate a on the basis of this knowledge. Let a*, a func¬ 
tion of Zj be our estimate of a; let <r be the standard error of a*, 
and let r, a function of s, be our estimate of tr. 

The recommended definitions of a* and s are the following: 

The reasons for adopting these definitions are twofold. First, the 
estimates are unbiased: 

(Accordingly, the arithmetic means of the estimates, in repeated 
independent estimations, converge with probability one to the true 
values.*) 

Proof: 

Ect*^E{%-0)--Ez-E0^a^0-0^a. 

<r*-E(a*—a)**E( 2 —/3—a)** Variance of 

Second, the definitions of a*, 3* above arc the only definitions 
which give unbiased estimates whatever the value of a may be. 
In effect, the requirement that E/( 2)»0 for a range of implies 
that /(s)«»0. For, by (1), exp(a*f/?) Ef{z) is a power scries in 
(«-|-/9) with coefficients f{n)/n\, n»«0, 1, 2, ... . Since a power 
series in a variable t which vanishes for all values of Hn an interval 
must have all its terms identically zero,/(«)«»0 for all integers s.' 

It may be of interest to note (as is known) that the above 
estimates are maximum-likelihood estimates. That is, the a priori 
probability of z occurrences, (1), considered as a function of a, 
is a maximum when a ■■a*; and the a priori probability of z 
occurrences, considered as a function of a*-a4-/5, is a maximum 
when 

♦Partially aupported by the joint program of the ONR and the AKC, 

1 A. H. Benadc and R. D. Sard, to be published. 

* L. Janossy. Cosmic Rays (Oxford University Press, Ixmdon, 1948), p. 368. 

»J. L Doob, Trans. Am. Math. Soc. 36. 764 (1934). 


An Inctiument for Measuring Curvature of 
Cloud-Chamber Tracks 

E. R. Gaerttner and M. L. Yeater 
Research Laboratory. General Electric Company. Scheneciady. N'eu York 
May 3. 1949 

\\ 7 HEN large numbers of cloud-chamber tracks are analysed, 
▼ ▼ it is desirable to use mechanical aids for improving the 
spe^ and accuracy of the measurements, The instrument de¬ 
scribed here for measurement of curvature is an adaptation of the 
familiar three-point method. It is made in such a way that the 
three points are adjusted Independently to the curve. After each 
point is adjusted it is locked, so that the fitting is direct and posi¬ 
tive. The Mgitta is measured with the instrument, and the radius 
of curvature is read from a calibration curve for the diord length 
used. The ssgitta is read from a predsion micrometer sede* Our 
esperience bdfeates that the trades of small curvature can he 
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measured in this way more rapidly and with greater precision 
than by the procedure of comparing the track image with arcs 
drawn on a card. 

A sketch of the instrument is shown in Fig. 1. The operation is 
as follows. The image of the track is projected on the top surface 
from a fixed projector. The whole instrument is moved, sliding on 
a plate glass surface, until the terminal point A intersects the 
track near one end. The base of the instrument is then locked 
to the plate glass by partial evacuation of the hollow underside. 
This fixes point A . The upper part of the instrument is rotated 
about point A until one of the points B (at chord lengths 2, 2.5, 
or 3 inches) intersects the track. The thumb screw T is used to 
I{jck the rotor in this position, fixing point B. The appropriate 
center point C is then adjusted to the apex of the track. This point 
is carried on an arm D which is moved by a precision screw. The 
screw can be rotated at two speeds, for coarse and fine adjust¬ 
ment. The first decimal of the sagitta is read from the vernier 
scale £f and the others are read from the micrometer scale f. 

The surface on which the tracks are projected is made of 
white paper. The points A and B are tiny holes made by pricking 
the paper with a sharp needle. The resulting dots are smaller than 
the average droplet in the tracks. The center points C are made 
in a similar way on white paper which is fastened to the arm D, 

When experimental conditions are adjusted so that multiple 
scattering* is negligible, the width and density of the cloud- 
chamber tracks are the chief limitations on the accuracy of 
measurements made with this instrument. The scale can be read 
to 0.0005 inch, and the dots can be adjusted to the curve to an 
accuracy of 0.001 inch. The latter number has been estimated 
from repeated measurements of a straight line. The average 
error in sagitta for 166 typical electron tracks of various energies, 
measured by two observers, has been found to be 0.0023 inch; 
this is for sagitlas ranging from 0.025 inch to 0.300 inch, with an 
average value of 0.079 inch, and for an average chord length of 
2.5 inches. Measurements of electron tracks by two observers 
indicate an accuracy of about S percent for tracks of SO-Mcv 
electrons curved in a field of 4000 gauss. 

The rotational degree of freedom about the point A makes the 
instrument useful for angle measurement; e.g., the horirontol 
projection of the angle which a curved track makes with a lamina 
in the cloud chamber. This measurement is made after the sagitta 
bas been obtained. With the point C adjusted to the sagitta of the 
track, the base is moved so that the points B and C are again on 
the com and A is on the lamina. This puts A at the intcr- 
^•Ctloii of trade and lamina even if the track is not visible at 


the lamina. The angle between the lamina and the chord is then 
measured directly on the angular scale G. The angle between the 
lamina and the tangent to the track is obtained from this angle and 
the angle between the chord and the tangent. The latter is derived 
from the measurement of the sagitta. 

* Compare H. A. Bethe. Phys. Rev. 70, 821 (1046), 


Cadmium Trap for Arresting Mercury Vapor 

T. WiLNER 

I'katiav&gen 38, Bromma, Sweden 
May 9, 1049 

F or vapor trajw in connection with producing high vacua 
the use of liquid air cooling, or alkali metal traps, is some¬ 
times a bit inconvenient. It is here suggested to substitute cad- 
mium for the alkali metal, thus doing away with the disturbances 
owing to oxidation. In Fig, 1 a simple cadmium trap is shown 
which has l)cen successfully tried. TTie “pump tube” is a thin- 
walled steel tube having an O.D. of 1 inch. It acts as a small 
electric furnace having water-cooled end portions. It is charged 
with a small steel receptacle containing a few grams of granulated 
cadmium. In the experiments the temperature has been kept at 
300-400®C; it is conceivable, however, that lowei temperature 
may be used. At the cooled portions there will form condensation 
zone.8 Avhere small cadmium crystals will be deposited. In con- 


P 9 



Fig. 1. 


densing, the cadmium will alloy itself with the mercury vapor 
present, funning cadmium amalgam, the vapor pressure of which 
is very small. It is possible that the trap will, to an extent, act as 
a getter for other matter than mercury. It should be a relatively 
simple matter to produce a simple pump provided with diffusion 
jet of a type suitable for operating with cadmium vapor; such 
development has, however, not yet been attempted. 


A Device to Deposit AutomstiesUy the Proper 
Thickness of Metals Used in Shadow-Casting 
in Electron Microscopy* 

Francis W. Bishop 

Oepartm€nt of Radiation Biohgy, The University of Rochester, 

.ScIM of Idedicine and Dentistry, blister, New York 
May 2, 1949 

W HILE image contrast in the optical microscope may be 
brought about by differentiai absorption of the light 
pasang through the object, in the electron microscope it is due to 
an unequal amount of electron scattering in the various parts 
of the specimen. 

If the object to be examined in the electron microscope is very 
thin or is made up of such light atoms that its scattering power is 
not greatly different from that of the supporting membrane or 
film, the contrast may be so slight that details are not visible. 
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In such cases shadow-casting of the specim^ may well be 
applied. This technique has been in use for a number of years 
and has attained a high degree of usefulness.' * ^ It consists essentU 
ally in depositing a thin coating of a heavy metal upon the speci- 
men at an angle so that the metal piles up on exposcfl surfaces 
and is not laid down in areas sheltered by elevated portions of 
the specimen. The shielded areas in the shadow of the sf>ecimen 
retain their transparency to the electron l>eani while portions 
covered by the metal are rendered more opaque. The end result 
is an increase in contrast over the unshadowed specimen. It has 
been stated that objects too small to be directly resolved by the 
electron microscope can be made to cast a shadow by the proper 
technique and thus be detected. In any event, the shadow-casting 
procedure is a very important adjunct to electron microscope 
technique. 

It is difficult to achieve uniform results with the shadowing 
unless great care is taken to maintain such factors as distance from 
the source, amount of metal, evaporating temperature, etc. 
Visual inspection may be helpful in judging the deposit in the case 
of certain metals such as gold, but with <)thcrs, for example 
uranium, the coaling may be invisible. 

It was decided to try to construct an apparatus which, by means 
of resistance-measuring detecting-device mounted in the vacuum 
jar, would cause a suitable meter to deflect in proportion to the 
thickness and kind of metai used and also to shut off the current 
in the evaporating filament when the proper coating was attained 
(Fig. 1). ' 

Accordingly, an electronic circuit was arranged (Fig. 2) whereby 
a lowering of the resistance at the detector increased the negative 
bias of a 6SJ7 and thus decreased the deflection of a meter in the 
cathode circuit. A selector switch makes it possible to transfer to 
the grid of a 6J5, voltages from a series of resistors in the cathode 
circuit of the 6SJ7. A 14,(KK) ohm relay is placed in the plate 
circuit of the 6J5 and is normally energissed. When the plate 
current of this tube drops to a value of 2 Ma, the plate relay falls 
out and energizes a secondary heavy-current relay which in turn 
interrupts the circuit to the evaporator. The unit is fed from a 
small power pock which delivers approximately 160 volts d.c. 

In use the meter is adjusted to full scale deflection by control 
R4 before evaporation is started. The point at which the 6J5 relay 
drops out for any scale selected is set by the individual controls 
Rl, R2, or R3. Point 4 on the switch is for the manual operation 
of evaporation and while the meter deflects the proportion to the 



Fio. 1, 



Kl 10.000-ohni poteiitioinrtcr 
R2 15.000'Ohm potentiometer 
R3 lOO.OOO-ohm potentiometer 
R4 J50,000-ohm potentiometer 
K5 2-megohm potentiometer 
R6 7S-ohm i W. 

R7 5000-ohm i W. 

R8 1.5 megohm 
R9 SOOO-ohm k W. 

RlO 5000-ohm 1 W. 

Cl 8 Mfd 
C2 8 Mfd 

Si 4-polnt Yaxley switch 


P Pilot light 110 V'. 

Ml Meter 0-500 mlcroainpcrrH 
A A To detector 
BB To secondary relay coil 
Tl Transformer. Stancor P-6J49, 
primary 115 V. Secondaries (1) 
100 V. 150 MA. DC. (2) 5 V. 
3 A. 

T2 Transformer, Stancor P-6134 
primary 115 V, Secondary 6.3 
V. 2 A. 

Cll Choke, Thordarson T-20CS2. 
8 H 40 MA. 


resistance of the metal coating, the 6J5 relay docs not operate to 
automatically cut off the evaporating current. 

It should be noted that with metals which evaporate very 
easily, if the temperature of the filament is excessive, considerable 
evaporation may take place after the filament is turned off and 
is in the process of cooling. Overshooting of this kind may be 
minimized by watching the deflection of the meter and controlling 
the evaporation current accordingly. 

The detecting element consists of a burned out filament mount 
from the RCA electron microscope. These mounts usually have 
little value around the laboratory; in this case, however, they arc 
able to serve a useful purpose. The short, heavy leads to the 
filament are cut off leaving the two insulated metal strips which 
arc exposed to the metal vapor during evaporation. It was foimd 
that the evaporated film did not make adequate contact with 
these raised metal strips so that a small amount of Aquadag was 
used to coat them and also a portion of the mica disk on which 
they are mounted. This provides an adequate contact area upon 
which the evaporated metal may fail and bridge the gap between 
the electrodes so formed. 

The detector plugs into an appropriate socket and, incidentally} 
shields it from the metal vapor. The socket should, of course, be 
covered at all times when evaporation of conductive materials 
is done. 

Usually a supply of burned out filaments becomes available in 
time, and while these make a convenient and quickly inter¬ 
changeable unit, many other arrangements are possible. 

A new element must be employed each time evaporation is done, 
but in case of necessity they can be cleaned and reused. 

The resistors associated with taps 1, 2, and 3 on the selector 
switch are adjusted by trial so that with a given metal, a Ugbt, 
medium, or Wvy d^K>sit respectively is obtained. They may 
also be set to provide the optimum coat of different matnriato if 
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Fig. 3. 


desired. Usually, however, in the various laboratories one particu¬ 
lar metal is preferred so that with this device there is a choice of 
three degrees of thickness of metal deposit as well as the manual 
control Most metal films remain stable, but it was observed that 
with uranium any exposure to air resulted in an instant con¬ 
version to uranium oxide. This may occur slowly in the vacuum 
system if there should be a small leak. Uranium-shadowed speci¬ 
mens are therefore not coated with the metal but with an oxide. 
This may account for their great stability in the electron micro¬ 
scope. The resistance of a fresh deposit of the metal on our 
electrodes is of the order of 15,000 ohms but rises to hundreds of 
megohms when exposed to air. 

A two-megohm potentiometer has been placed across the 
detector leads in order to simulate the effect of a metal deposit 
on the detector and through its use, the relay may be set to 
operate at any desired deflection of the meter. It also provides a 
rapid method of checking the operation of the device. When not 
in use, it is set at maximum resistance. 

It is now no longer necessary to wonder if or how much evapora¬ 
tion is occurring when the filament is heated for degassing, etc. 
rhe moment any deposit of metal of any consequence takes place, 
a deflection is seen on the meter. 

The position of the detector is fixed in relation to the filament 
and the spe^en is also placed at a convenient constant distance 
(Pig. 3). The detector may be located at any point in the bell jar 
which is not obstructed by equipment. 

A device which automatically deposits with a proper thickness 
of metal used in the shadow-casting technique in electron micro¬ 
scopy has been described. It has eliminated the guess work from 
this technique and has produced reliable and consistent results.^ 


AEC 
New 


^ based m work performed ui 
ilvertlty of Rochester Atomic 


contract with the U. S. 
y Project Rochester. 
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I S-C WUUwiw Md R. W. G. Wyckoff, App. Phyi. IS, 712 (1944). 
2.1 C. WUtamt Md R«lph8 W. O. WyeW, J. App. Phyt. IT. 


A Technique for the Production of Silica-Filmed 
Electron Microscc^ Screens in Quantity* 

Francis W, Bishop 

Drfiar/men^ of Rar/ttUtoH Btoloty, The University of Ror. Hester, 

School of Medicine and Dentistry, Rochester, New York 
May 2. 1940 

M any laboratories have experienced difficulties in main¬ 
taining the integrity of collodion or other plastic films 
which are used as a specimen support in the electron microscope. 
Films of oxides of metal and films of silicon dioxide and silicon 
monoxide have been found to l>e much more resistant to the heat¬ 
ing and other effects of the electron bombardment, but their 
preparation and mounting on the screen have been difficult. 

A number of different methods have been used in the prcpiara- 
lion of the collodion films. In most of these a drop of collodion in a 
suitable solvent, usually amyl acetate, is allowed to fall upon the 
surface of clean distilled water; the drop spreads, the solvent 
evaporates leaving a thin film of collodion. 

Several possible techniques may be used to transfer this film 
to the supporting screen. In some 'laboratories a number of 
screens are placeii on the top of the floating film and, by means 
of a loop, a section of the film containing the screen is lifted from 
the water, inverted, and allowed to dry on a suitable peg. Other 
lalxiratories may hold the s[>ecimen screen in a forceps and, by 
(lipping under the film, are able to pick up a suitable section. 

In this latwratory and others it has lieen the custom to sub¬ 
merge a glass slide carrying a number of screens in a dish, form 
the film in the usual way, and then to pipette off the water 
allowing the film to settle on the screen and slide as the tide 
goes out. 

It seemed desirable to develop an apparatus which would 
simplify the production of the collodion-filmed screens and at 
the same time be adaptable to the technique of making silica films 
which has been in use in this lal)oratory for some time. 
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Fig. 2. Transmisiion of the electron beam through various thicknesses 
of the folded collodion-silica film. Factors: Magnification 9600 X, 50 K V. 
Objective aperture used, contrast lantern slide plate. Printed on Haloid 
F-l paper. 


Since we had a distilled water line in the specimen preparation 
room and a convenient drain line beneath the ^nch, it was decided 
to make a fixed installation. Accordingly, a four-inch Pyrex funnel 
was fitted with a T connection and a stopcock as shown in Fig. 1. 
This funnel will accommodate glass slides of various sizes. The 
funnel is filled as necessary through the T which is connected to 
the distilled water supply by means of a short length of Tygon 
tubing and a valve. 

In use, a clean glass slide is placed horizontally in the funnel 
and distilled water admitted until the slide is covered by about 
i-lnch of the water. A number of specimen screens are then 
placed on the slide and a film of coliodon is made in the usual 
way. The funnel is then emptied directly into the drain through 
the stopcock. The film is allowed to dry in sUu. The screens are 
then ready to receive a specimen and upon drying may be placed 
in the microscope or they may be shadow cast on Uie slide without 
being disturbed. The collodion film as it is wrapped around the 
slide is usually sufficient to hold the specimen screens in place. 
When not in use, a glass cover protects the device and cleaning is 
simple. If a source of distilled water is not available in the room, 
a large bottle may be used to feed the funnel by gravity with 
another below for drainage. 

We have largely discarded the collodion film as a specimen 
support in this laboratory and have adopted silica, and the device 
described is extremely useful in a major step in the preparation of 
silica films. As a preliminary st^, the usual two percent collodion 
soluticm is further diluted to a point which will just produce con¬ 
sistent films (dr. 0.2 percent). A number of screens are coated in 
the manner previously described. The resultant film, while too 


weak to use as a specimen support, is sufficient to act as a tem¬ 
porary base upon which silica can be evaporated. 

The silica is placed in a suitable cone-shaped filament of 20-mil 
tungsten wire and evaporated normal to the surface upon the 
slide holding the desired number of collodion-filmed screens. 
Experience is the best guide in determining the amount of silica 
to be evaporated to produce a strong but transparent film. Sped- 
mens are mounted in the collodion-silica-filmed screens in the 
usual manner and may be shadow-cast if desired. 

The films thus formed are rugged and structureless. They may 
be so transparent that unless a specimen is on the screen, it may 
be difficult to be sure that a film is actually present. Figure 2 
shows a film deliberately broken by scratching with a needle 
which shows the transmission of the beam through up to 4 
thicknesses of the film. No trace of the thin sub-film of collodion 
can be seen. The silica films may be used in cases where the sped- 
mens are contained in solvents which would destroy collodion or 
Formvar films and where cells in tissue culture are grown directly 
on the specimen screen, the silica screens may l>e sterilized by heat 
or chemical means. The technique makes it possible to prepare 
the spedmen screens easily and in quantity with all of the ad¬ 
vantages of silica and without the shortcomings of collodion or 
Formvar. * 

A simple device and a technique have been described which 
make the preparation of collodion-filmed specimen screens and 
silica-filmed screens for the electron microscope both very con¬ 
venient and rapid. 

** This paper Is b««ed on work performed under contract witli the ll S. 
AEC at The University of Rochester Atomic Energy Project. Rochester, 
New York. 


A Pantograph and Tilting Stage for Use 
with Nuclear Plates* 

Ian Barbour 

U nivtrsity of Chicago, Chicago, Illinois 
May 9. 1949 

T echniques using nuclear emulsions have been assuming 
increasing prominence recently in the study of cosmic-ray 
and accelerator phenomena. The two attachments described here 
have been found useful in the microscopic analysis of such plates. 
In Fig. 1, the **short arm^' of a pantograph which we have con¬ 
structed is seen attached to the moving stage of a leitz microscope 
at (A). The ‘‘fixed point*’ (B) is rigidly connected to the table, so 
the “long arm” with its magnetically operated pen (C) traces the 
motion of the microscope stage with a magnification of 20. When 
each event is brought into focus at the microscope eyepiece cross¬ 
hair, the switch (D) in the pen magnet circuit is closed, leaving 



Fig. 1. Pantograph attadied.io microscope atage. 
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Kic. 2. MicroRcope with tilting stage. 


a dot on the graph paper which can be numbered for identihcation. 
Thus a permanent plot of the location of events on the plate is 
obtained. By using precision balbbearings at all points of motion 
of the pantograph members, a ball-point support on the paper, 
and a counter-weight to relieve the frictional load (the wire can 
be seen above the pen, passing up to pulleys on the ceiling of the 
room), the precision in locating points in one region of the plate 
is about 20 microns, and about 75 microns in comparing points 


of wide separation. We have found this pantograph useful in 
tracing meson tracks from one plate to another, particularly in 
connection with magnetic deflection experiments. In this case 
the events are located relative to a grid of x-ray dots obtained by 
exposing a stack or sandwich of plates to an x-ray beam through 
a Pb plate containing pin-point holes. The ‘‘azimuth” angle of 
I he tracks is read off to within with the eye-piece protractor, 
seen at (E). 

Figure 2 shows the tilting stage for viewing tracks which dip 
into the emulsion. The original controls for moving the plate in 
the plane of the stage, as well as the bearing for rotation about a 
vertical axis, which are standard parts of this Zeiss microscope, 
have been retained. An additional rotation about a horizontal 
axis is obtained by the brass arms and bearing (A) on either side, 
which arc accurately machined with no free motion. The micro¬ 
scope has an adjustment screw for moving the objective lens 
system toward or away from the observer, so the optical axis 
can be made to pass through the axis of tilt. The tilt angle is con¬ 
trolled and measured to within 5 min. by a divided-head screw 
and graduated scale (B), The objective and condenser used in these 
experiments have lens-mount dimensions and working distances 
which allow a maximum tilt angle at optimum illumination of 
about 11® with Ilford and Kodak plates. Allowing for shrinkage of 
emulsion on development, this means that tracks which passed 
through the plate at angles of up to 26® with the cniulston surface 
can be brought into the focal plane of the lens. Using above and 
below the plate an oil of refractive index essentially equal to that 
of the plate itself, there is no change of illumination upon tilting 
the plate. Accurate measurements of the “dip” angle facilitates 
matching track segments due to the same particle in different 
plates. The tilting stage is also of great value in photographing 
tracks. Figure 3a shows a conventional photomicrograph of a 
track whose original dip angle was about 23®. With only a small 
portion of the track in focus, a mosaic of at least 5 exposures 
would be required to reproduce this one field of view. In b, after 
the stage is tilted by 9i®, the same track is in good focus through¬ 
out the field of view (100 microns). 

* Assisted by the joint program of the ON R and the AKC. 



Fia te. Photomicrograph of track which pass^ through emulsion Fio. 3b. Same afui’ stage is tilted* 

at amgte of 23* with Its surface. 
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A Simple Punch for Precision Cutting of 
Photographic Film in a Cylindrical 
X-Ray Diffraction Camera 

K, J. Grill and A. H, Wkhlr 
Saint Louis Univrrsity, St. iMuis, Afissonri 
April 25. 1949 

F igure l shows a cutter for punching the holes for entrance 
and exit port assemblies in the photographic film of a 
standard 114.6 mm diameter cylindrical x-ray powder camera. 


D 



Fig. 1. X ray diffrtiotton camertt film punch, tapper, aide view; lower, 
plan view. A, inner guide plate; B, outer guide plate; C, cutter*plungcr; D, 
locking nut; fi, Hakelitc knob; F. spacing bar. 

The feature of the device is accurate hole cutting with the photo¬ 
graphic film in place in the diffraction camera. Once the circular 
port holes are cut the film is not removed from the camera until 
it is ready for photographic processing. 

In use the x-ray film, cut to proper length and width on a 
trimming board, is inserted in the film holder of the powder 
camera from which the exit and entrance tubes have b^n re¬ 
moved, With the cutter-plunger C (Fig. 1) withdrawn so that its 
cutting end is within the sleeve section of Bj the inner guide 
plate A is placed against the photographic film (camera cover oflf) 
in the vicinity of a camera port. Nut D is loosened and the outer 
guide plate B is moved toward A to make contact with the 
projecting camera port; knob E is moved with a slow twisting 
motion so that the cutting end C hunts and finds the port hole; 
nut i> is tightened lightly; cutting end C is advanced against the 
film and is made to cut through the film by carefully twisting E 
(if care is observed the cutting of the film is an easy smooth opera¬ 
tion involving no jolting punch-through of the cutting edge; 
usually the circular cut-out drops into the hole in A and is re¬ 
moved along with the cutting tool). 

The cutter is easy to use and results in excellent fitting of the 
photographic film in the camera. The curvatdre of A can be 
adjusted obviously to any camera radius. 


A Magnetic Beam-Splitting Focusing Device 
for the Electron Microscope 


Francis W. Bishop 

DtpartmtnS of Radiation Biology, Vniitersity of Rockatkr, 
School of Medicine and Dentistry, Rochester, New York 
May 3. 1949 


E lectrostatic beam-i^litting devices for use on the 
electron microscope have been built by RCA and others. 
They consist ptindpally of two pairs of d^ectlng plates arranged 
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one ai>ove the other and connected to a sciuaxe wave voltage 
generator. This square voltage wave applied to the plates causes 
the electron beam to shift so that it enters the specimen at a 
slightly different angle than normally. During the zero interval, 
the beam passes through the specimen in the usual manner. 
Effectively the beam is split into two components which, if the 
instrument is not correctly focused, results ,in two separated 
images of the specimen. When exact focus is achieved, two images 
move into coincidence. The effect is similar to that of a range 
finder of a camera. 

This method seems to be quite satisfactory in most respects. 
It has the disadvantage that a new s{>ecimen dmir has to be con¬ 
structed, since the supply to the plates is commonly brought into 
the apparatus through the door and it makes impossible the use 
of the stereoscopic device at the time the beam splitter is in 
operation. 

At the Toronto meeting of the Electorn Microscope Society of 
America a casual mention was made of the fact that on one of the 
European microscopes the same effect was achieved magnetically. 
No details were given. 

In view of the apparent simplicity of the idea, it was decided to 
try this method on our microscope. A i>air of relay coils having an 
ohmic resistance of 2200 ohms each was found in the laboratory. 
These were connected in series and mounted externally on diamet¬ 
rically opposite sides of the specimen chamber and one was dis¬ 
placed vertically about J inch. As viewed from the inside of the 
microscope, the polarities should be the same (Fig. 1). 

A square wave generator was constructed which was capable 
of furnishing a current of about 10 milliamperes through the coils 
at 114 volts (Fig. 2). This unit furnishes a very satisfactory square 
wave when connected to a non-inductive load of 4400 ohms, but 
of course the wave shape is modified when fed to an inductive 
load such as the coils. A small selenium half-wave rectifier was 
connected in reverse across the coils in order to short circuit a 
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a small inverse voltage which appeared without it. The current 
appeared to !>e sutficiently constant over the period of time 
necessary to give a sharp image with the deflected electron beam 
so that it w^as decided to try the device even though the wave 
form deviated slightly from the ideal condition. 

During the half'CycIe that the output voltage of the generator 
is aero» the electron beam is undisturbed. During the remaining 
half-cycle, the beam is deflected by the upper coil and returned to 
the ajcis by the second coil. It is important that the deflected and 
uiideflected beams strike the specimen at the same t)oint. This 
condition is met by adjustments of the position of the deflecting 
coils. In practice,, the double image is more easily seen if the con¬ 
denser lens current is set at a value different from that required for 
maximum illumination of the viewing screen. If the condenser is 
set at cross-over, very exact alignment of the microscope and 
focusing device is necessary. Since we prefer voltage alignment of 
our instrument to magnetic alignment, and as these may not 
coincide, we always find it necessary to use the focusing device 
at a condition other than cross-over. 

After focus Is obtained, the voltage supply to the deflecting coils 
is turned off Iwfore actual photographic exposure is made, as any 
fluctuations in output of the square wave generator might affect 
the stability of the image during exposure. In practice it is defi¬ 
nitely easier to note a change in the image sharpness when the 
objective current is varied with the beam-splitter than without 
it. More experience with it will determine its ultimate value. 

Figure 3 shows an out-of-focus image with the beam-splitter on. 
The objective control is set so far off from exact focus that the 
images are completely separated. Without changing the focus, the 
l>cam-8|)Utter is turned off in Fig. 4. Now the image ap|>ear8 to !>e 
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comparatively sharp although the focus is as inexact as before. 
In other words, a given degree of unsharpness due to improper 
setting of objective current is more easily noticed through use of 
the beam-splitter. 

An experimental magnetic beam-splitting device has been de¬ 
scribed which, it is hoped, may prove of interest to operators of 
the electron microscope. 

♦This paper is based on work ptrformed under contract with the U. S, 
AEC at the Ihiiversity of RcKdicster AtomU* Energy Hiojeet, Rochenter. 
New Vork. 


Vibration Detection by a Quartz Oscillator 

Y. L. Yooskk and F. Sim.tan 
Faculty of Science, Fouad I University, Cairo, E^ypt 
February 25. I94V 

I N Bancroft and Jacobs,' in connection with elasticity 

measurement of thick metal rods, described a method for 
vibration tieteciion employing the principle of the condenser 
microphone. I'he end of the rod is placed about 1/1000 of an inch 
from a capacity electrode connected to the grid of an impedance- 
matching valve coupled to a filter and an amplifier. No explicit 
mention of the sensitivity is made. Recently, Bordoni* used an 
electroacoustic method for elasticity investigations. It is reported 
that amplitudes as small as 0.1 A could be detected. However, a 
common objection to these methods is the very close proximity 
of the capacity electrode from the vibrating material, as this 
implies a considerable increase in the damping due to air and a 
consequent decrease in the natural frequency of vibration, 
especially when the vibrating material has a small inertia. 

The present note outlines a method which derives its sensitivity 
from the comparatively large power output produced by the 
vibration rather than from the pmximity of the capacity electrode 
or from the high gain of the amplifier, and is, moreover, applicable 
equally efficiently at infra-sonic as well as ultrasonic frequencies. 
It utilizes a well established phenomenon in a slightly detuned 
quartz crystal oscillator, namely, the rapid change of anode 
current with capacity. The vibrating material forms with a 
fixed electrode a small air condenser, which itself constitutes a 
part of the capacity of the tuned circuit. Under appropriate 
conditions, when the oscillator is working near the mid-point of 
the steep portion of the crevasse, the circuit is highly responsive 
to very minute capacity alterations, and is, at the same time, 
sufficiently stable, even if the slope, which may be partly controlled 
by the leak resistance between the crystal plates, is as high as 
100 ma per micro-microfarad or even more. The small changes of 
capacity arising from the vibrations set up appreciable propor¬ 
tionate changes of anode current, which can be interpreted 
directly by a load as voltage variations, and may be amplifi^ and 
measured on an oscillograph. The change in the load voltage cor¬ 
responding to a change of 10"* microfarad in the capacity is 
normally of the order of several volts. 

With a 10-watt oscillator operating at a frequency of 8 Mc/soc., 
it is found that when the slope at the working region is 80 ma/ 
micro-microfarad, the capacity between a test reed (frequency 45 
c.p.s.) and the fixed electrode U 0.5 micro-microfarad for a 
sqiaration of 0.5 cm, the load is 2000 ohms, the voltage amplifica¬ 
tion of the amplifier is 700 and the sensitivity of the oscillograph 
is 5 cm/volt, then an amplitude of al>out 10^ cm will produce a 
fluorescent track of length 1 cm and can be measured to an 
accuracy of a few parts percent. It appears that an increase in 
the amplifier gain to 10~* would probably enable an amplitude of 
the order of 10^® cm to be detected. 

t D. Bancroft, and R. Jacobs, Rev. Sc. Inst. 9, 279 (1938). 

* P* G. Bordonl, Nuovo. Cimenio 4, 177 (1947). 
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Lead Brick for Shielding 

Luther E. Preues * 

Edsel B. Ford tnstUuie for Xftdical Rssearch, DtiroU, Michigan 
April 28, 1949 

S OLID lead bricks, 2''X4''X8" in size, are in common use for 
shielding purposes in many laboratories where radiation from 
radioactive sources must be reduced below the recommended 
limit of 0.1 R per day. The ordinary bricks, however, suffer from 
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certain deficiencies. 'I'hey are liable to Up when stacked to an 
appreciable height and ^sures develop between them after brief 
usage, even with carefully machined bricks. Interlocking lead 
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Preliminary work indicates that these bricks are useful and 
superior to the non-interlocking design. They are easy to stack, 
have no tendency to Up over, are positioned safely on the apron 
of a hood for radioactive work, and because of the design it is 
not possible for fissures to develop between them, through which 
dangerous dosages can escape. 

Figures 1-4 showT dimensioned, working drawings of the four 
t\^es which are used. In Fig. 1 the base brick is shown, in Fig. 2 the 
wall brick and in Figs. 3 and 4 the corner-base and corner-wall 
bricks, respectively. 

rv 
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bricks of tongue and groove design which are made with a mini- The same design could obviously l>c applied to bricks of iron or 
mum of expensive processing have been developed at this labora- other material if such were necessary or practical from either an 
tory to overcome these difficulties. experimental or economical viewpoint. 
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condensers for phase-contrast observation of living tissues or 
cultures prepared on thick cavity slides. 

Finally, the new substage provides for a very efficient exploita¬ 
tion of the light flux from the source, so that the specimen is always 
invested by the minimum amount of radiant energy necessary for 
comfortable observation at any magniheation and aperture, ^hich 
is no mean advantage when making observation on living matter. 

The Galileo Corporation of America has appointed as its sole 
agent: Ppaltz & Bauer, Inc., Empire Stale Building^ New York J, 
New York. 


Phase-Contrast ^ phase-contrast micro- 

Microscooe 

^ developed by Officine Galileo, 

Italy, a 68-ycar old scientific optical firm, is now available on the 
American market. 

The revolutionary features of the instrument are: an auxiliary 
lens built in the microscope tube, replacing the ordinary telescope 
attachment used for centering the phase ring; a pancratic sub¬ 
stage which provides for an annular source of variable diameter to 
match any phase ring and any condition illumination; and a 
built-in source of light for visual observation. These improvements 
open new possibilities to the phase technique of observation and 
simplify operations considerably. The usual tedious procedure of 
interchanging from eyepiece to telescope and then back from 
telescope to eyepiece or to the photographic camera, an ordeal 
often repeated when observing living preparations, is completely 
eliminated. By switching the auxiliary lens in and out, the alter¬ 
nate checking of held and illumination can be repeated at will and 
at any time without touching the set-up for visual, photographic 
or moving-picture record. 

The pancratic condenser makes it possible to switch over in¬ 
stantly from normal bright field technique to phase contrast and 
from phase contrast to classical dark field ultramicroscopy. The 
association of these techniques during a single observation is 
achieved completely for the first time and is of invaluable help. 

The pancratic condenser gives a light ring which matches all 
phase rings, so that any phase objective of any power—and of 
different makes or design—can be used on the microscope without 
special adjustment. This character of interchangeability will be 
heartily welcomed by workers in the field. Also, the flexibility in 
the working of the substage makes it possible to use low-power 


Raychrononieter The Raychronometer is an 

automatic beta- and gamma- 
ray scaling instrument which includes the following major com¬ 
ponents: Geiger tube voltage supply, counting circuits, computer, 
Geiger tube fuse, counting rate meter, and control circuits. Several 
of these components include newly developed features which lead 
to an instrument of very reliable and simple operation. 

The voltage supply may be operated as a conventional, regu¬ 
lated, variable power supply (500 to 2500 volts) or as a pulse- 
amplitude, regulated power supply. When operated as the latter, 
the voltage supplied to the Geiger tube is forced, within reasonable 
limits, to assume the value necessary for the production of pulses 
of a constant and selected amplitude. The Raychronometer con¬ 
tains a pulse-amplitude regulator circuit .to accomplish this 
purpose. The pulse-amplitude control is variable over the ranges 
encountered in conventional Geiger tubes. 



The manner of operation of this circuit is such as to eliminate 
the necessity for day-to-day adjustments of the Geiger tube 
voltage. When the instrument is turned on, the Geiger tube voltage 
will gradually rise to the value necessary for operation at the 
initially chosen point. 

The counting system consists of an electronic scale ol 100 
followed by two decades of electromechanical scales. Neon in¬ 
terpolation bulbs indicate the progression of counting of these 
scales. 

Incorporated in the Raychronometer is a computer which, in 
essence, multiplies a constant (the number of counts) by the 
reciprocal of time (from a synchronous motor) to furnish directly 
the counting rate with a selected predaion. The standard devia¬ 
tion of the measurement may be selected to be 10, 6, 3, 2, or 1 
percent This determines that the number of counts w^ch will be 
collected is 100; 300; 1000; 3000; or 10,000, respectively. 
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At the moment the counting process is initiated^ a synchronous 
motor begins the generation of the time function. The error of the 
computed rate is smaller than 1 percent for any iheasurement re¬ 
quiring one minute or longer. 

Additional features of the Raychronoraeter include connections 
from 'the counting rate meter suitable for driving an Esterline- 
Angus 1 ma. recording meter, an oscilloscope connector for pulse 
monitoring, and a separate on-off switch for the Geiger tulie 
voltage supply. 

A total of 24 tubes, exclusive of the Geiger tube, arc employed. 
The Geiger lube is not supplied with the instrument.— Radio- 
ACTIVE Products, Inc., J201 East Woadbrid^e Streety Detroit 7, 
Michigan, 


P6rtable Scaling-Type 
Radioactivity Detector 


The Nuclear Development 
l.al>oratory is presenting for 
the first time a low-cost, 
midget, portable Radioactivity Detector which has an accuracy 
and sensitivity normally obtained only in elaborate and high- 
priced laboratory type instruments. The development of this new 
radiation detector (Model PRDl) has been made possible by the 
invention of a remarkably compact electronic scaling circuit, 
which is used to automatically add up pulses from a large beta 
and gamma-ray sensitive Geiger-Mueller counter tube. 

The maximum sensitivity of this instrument is limited mainly 
by the time for which measurements are made, as the accuracy 
of any one reading is dependent upon the number of counts 
totalized. For example, under average background conditions, one 
milligram of .radium (or equivalent) at a distance of 100 feet will 
raise the counting rate of this instrument by 10 percent, and 
sufficient accuracy to verify this increase may be obtained in a 
6vc-minute reading. 



The maximum radiation intensity accurately covered by this 
instrument is limited by the scaling ratio (25:1) to about 5000 
counts per minute. However, where required, this may be easily 
raised by a factor of 10 or more for applications involving highly 
radioactive monitoring. 

The Nuclear Development Laboratory believes that the out¬ 
standing versatility and low price ($79.50) of the Model PRDl 
Radioactivity Detector represents a great stride forward in the 
direction of satisfying the “Atomic Age“ requirements for a 
popular-priced personal radioactivity detector.— Nuclear Dk- 
VELOPMENT l.ABORATORY, Posi Office Box 7601^ Kansas CUy, 
Missouri. 


Geiger Counter for This new Geiger counter 

Prosoectinff employs a 900-volt plug-in 

type Geiger tube with a 30 
mg/cm* thin wmdow section, which makes possible the detection 
of beta-particles as low as 160 kev, as well as gamma-rays. This 



greatly increases the sensitivity of the instrument, making it 
equal in sensitivity to the most elaborate and costly type of lalxira- 
tory equipment. 

It is suitable for laboratory work where auditory monitoring is 
used but is designed primarily for field use in locating radioactive 
ores, where extreme light weight and small size are important. It 
can be carried on the l)elt or by its handle. 

The weight is approximately 2 lbs. complete, including battery, 
and the size is only 21 in.X31 in.X6 in. The large sensitive Geiger 
tube is enclosed within the case, thus eliminating the need for a 
probe and cable. 

Only one battery is used, which is easily replaceable. The life 
is its shelf-life of one year with normal use. The life of the Geiger 
tube is more than one hundred million counts. A crystal earphone 
and battery arc included in the low price of $75.00. It is complete 
and ready to use. —Precision Radiation iNSTRtrifENTS, Inc., 
J101 North Paulina Street^ Chicago 22, Illinois. 


Wave-Guide Windows Glass wave-guide windows, 

sdentlffcally designed to per¬ 
mit silver soldering, without damage, to micro-waveguide systems 
operating at frequencies ranging from 3000 to 40,000 megacycles, 
have been announced by the Electronics Division of Sylvania 
Electric Products, Inc. 

Development of these resonant windows, in which glass stress 
is eliminated at relatively high temperature differentials required 
for silver soldering, now makes available a wide range of window 
shap^ and outside contourSr for narrow- and wide-band trans¬ 
missions. Power losses range from 0.02 to 0.1 db. The new windows 
for frequencies above 3500 me will stand pressures up to 65 psia. 

Applications include pressurized or gas-^ed waveguide systems 
for all types of radar, including navigation, fire control, long- and 
short-range search, and those for gas analytes and meteorological 
usw. They arc also used in the ’ construction of TR and ATR 
switching tubes and to isolate portions of vacuum stystems. 

Elimination of bending stress in the window glasses is the result 
of applied research work done by Messrs. Martin, Pease, and 
Roberts, of the Elecbtinics Division of $ylvama at Boston, 
Massachusetts, in whldt gl^ and Kovar have been combined 
through the use of special sealing techniques. 

Dlmcnaonal toleiWas, de^ tiie {requency of the 
window as well as the ibe o£ the window tthb range from d:0.0a5 
in. at 3000 me to :h0.00Q5 in. at 30^1100 tXkcJ (Mass toleianties vary 
from 0.001 in, to O.tXXll in. Increas^ glass-metal seal strength is 



obtained by beveling one or both sides of the Kovar section.— 
ELEcrRONics DivLsioK, Sylvania Electric Products, Inc., SOO 
Fifth A venuef New York 18^ New York, 

Bridget The Model 100 Bridger 

provides means for bridging 
a vactium tube voltmeter, distortion meter or oscilloscope across 
any part of an audio frequency circuit through a well-shielded 
cable, yet without imposing any of the load of the meters or 
cable on the circuit. 

Input Impedance— 100 megohmi in parallel with 6 uuf when using 3'foot 
ahleldeo Input cable. 

Output Impedance—200 ohme, with one side grounded. 

Siae--SJ inXbln.XU in. 

Voltage Ratio—Output/Input—0.98 (or -0.2 db) up to 30 volts with 
low capacity output circuit; and up to 25 volts with usual shielded 
output cable. This may be extended to 250 volts by adding Model 104 
Voltage Divider (10:1 ratio) to tip of input probe. 

The Bridger uses an advanced design of cathode follower (with 
output/input ratio practically unity) and a new development in 
double-shielded cable. The cable capacity is almost completely 






Automatic operation of the machine has been promoted with 
the provision of an automatic electronic control wMch accurately 
limits motor current during starts; by an automatic speed control 
which holds running speed to its preset value; by automatic 
braking at rates which can be preset; and by a device which auto¬ 
matically shuts down the centrifuge at the conclusion of a run in 
addition to a time switch for setting the actual run length. 

Several rotors are available. The smallest, 6! in. in diameter, 
holds ISO cc of material and reaches its terminal speed of 40,000 
r.p.m. in less than 4 minutes, decelerating again to a standstill in 
approximately the same time. The largest, 11 in. in diameter, 
holds over a liter of tnaterial, accelerating to its maximum speed 
of 20,000 r*p.m. in Jess than 20 minutes. 

Prices w approximately $3300 with refrigeration, $3000 with¬ 
out refrigeration, f.o.b. Belmont, Califomia.—SPECXAtiZKD In- 
Hrmisam CotPORAttON, 613^ O'Neill Avenue, Belmont, C<Ui~ 
fomin. 
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Regulated Power The Kepco Model 245 

SuddIt Power Supply^features a high 

" ^ degree of voltage regulation 

with a small compact unit. 

Its specifications for d.c. output are 200 to 450 volts at currents 
from 0 to 200 railliamperes, regulated; a.c. output is 6.3 volts at 
6 amperes, unregulated. Regulation between 200 and 450 volts 
for both load variation from 0 to 200 milliampcres and input 
variation from 105 to 125 volts is better than 0.5 percent. The 
d.c. output voltage is within 0.5 volt between 200 and 450 volts 
for load variations from 0 to 200 milliampcres. Ripple voltage is 
less than 5 millivolts; input voltage is 105 to 125 volts a.c., 50 to 
60 cycles; power required is 300 watts; and output impedance is 
less than 2 ohms. 


The instrument has an input resistance of 50 ohms and a sensi¬ 
tivity of one microampere full scale. The input can be overloaded 
by currents as Mgh as } ampere without damage to the instrument. 
Unlike conventional high sensitivity galvanometers, the Mac¬ 
Donald Electronic Microammeter is not sensitive to position or 
vibration. 

In operation, the instrument combines the characteristics of a 
magnetic amplifier with those of a vacuum tube output circuit 
to provide low input resistance, high sensitivity, and input over¬ 
load safety. An output jack is provided so that the instrument can 
be used as a high sensitivity d.c. amplifier; as such it will actuate 
a 1-milHaropere 1400-ohm recorder directly. The instrument is 
available with multiple ranges.— W. S. MacDonald Company, 
Inc., 33 University Road^ Cambridge 3S^ Massachusetts. 




Its front panel is equipped with voltage control; d.c. output 
terminals (isolated from chassis); a.c. center-tapped output ter¬ 
minals (isolated from chassis); on-off switch and pilot light; d.c. 
output switch; line fuse; d.c. output fuse; meters 0 to 200 milli- 
amperes d.c. and 0 to 500 volts d.c. A ground terminal connected 
to the chassis is mounted at the back of the supply. 

The unit measures 8-in. high, S-in. deep, and 16-in. wide and 
weighs 29 pounds. It is priced at $149.59.— Kepco Laboratories, 
Inc., 149^14 Forty-First Avenue^ Flushing^ New York. 


Electronic "The MacDonald Electronic 

Microammeter Microammeter Type 100 » a 

new instrument designed for 
measuring very small direct currents. It will fill the need for a 
high-sensitivity direct-current measuring device much as the 
vacuum tube voltmeter meets the need of a sensitive voltage- 
measuring device. 



Manufacturers’ Literature 

Radio and Electrical Measuring Equipment—General Radio 
Catalog L 1948 is a complete catalog of General Radio equip¬ 
ment—stroboscopes^ variacs, sound-level meters, vibration 
meters, impedance bridges, signal generators, oscillators, 
wave analyzers, distortion meters, impedance standards, 
vacuum-tube voltmeters, frequency standards, broadcast 
monitors, and parts and acessories. Includes prices.— General 
Radio Company, Cambridge 39, Massachusetts, 

InduBtrial Uses of Radioactive Materials—A selected bibli¬ 
ography, 13 pp., probably the most extensive available bibli¬ 
ography on the industrial uses of radioactive tracers, includes 
references dealing with the fields of petroleum, mining and 
metallurgy, textiles, instruments, radiography, analysis, phar¬ 
maceutical, glass, radioisotope preparation, and miscellaneous 
industrial applications. This bibliography is available without 
charge from Arthur D, Little, Inc., Cambridge 42^ Massa¬ 
chusetts, 

Micro-Line Counter—A 4-page illustrated brochure de¬ 
scribes operation and applications of the Micro-Line Counter, 
an instrument which indicates instantly and accurately counts 
of individual lines, as in fabrics, in screens of engraving, etc.— 
Micro-Lite Company, Inc., 44 West IS Street, New York 11, 
New York, 

Haydon Timing Motors and Devices—Catalog No. 321, 
20-page book, presents the Haydon line of synchronous timing 
motors, chart drives, timing devices and clock movements, 
complete with details on the products, photographs and pro¬ 
file drawings of all units, shaft drawings and listings of speeds, 
volta^s, frequencies, shaft sizes and special variations avail¬ 
able in each of 10 motor series.— Haydon Manufacturing 
Company, Inc., Torrington, Connecticut, 

I^te Acrylic Resin Cast Sheeting—A new 32-page booklet 
entitled DuPont LucUe Acrylic Resin contains general in¬ 
formation concerning this material, including a cWt listing 
the properties, a section on handling and fabricating, and a 
summary of types, forms, and sizes of the sheeting.—M astics 
DBPAftTMENT, E. I, DuPONT DE NEMOURS AND COMPANY, 
Wilmington PS, Ddaware, 

Tettbg Machine Accessories —Bulletin 261-A, 12 pages 
with over 30 illustrations, describes supplementary devices 
used to adapt testing machines to the widest scope of testing 
condition*. These ii^ude grips, specimen holders and com¬ 
pression pktes; auxiliary testing equipment; testing machine 
accessories; and various testing conventenoes.—«Ttts BaUkwm 
Locomotive Woaiw, FkUaddphia 42, Pmnsjiwmia, 
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Thermocouple and Pyrometer Accessories— Bulletin No. 
P1238, 56 pages, contains detailed information on thermo¬ 
couples, protection tubes, and other pyrometer accessories. 
This bulletin includes a technical section, “Users' Manual" 
which contains engineering handbook data on such subjects 
as factors affecting thermocouple life, corrosion and poison¬ 
ing, thermocouple reproducibility, thermcx:ouple insulation, 
and information required in selecting the right thermf)COuple 
and protection tube for every application.— The Bristol 
Company, WaXerhury 91, Connecticut. 


Radio and Electronic Equipment -Leaflet, 4 pages, de¬ 
scribes Browning radio and electronic equipment, including 
frequency meters, oscillator grid dip meter, WWV standards 
frequency calibrator, power supply and square wave modula¬ 
tor, capacitance relay, signal system, oscillosynchroscope, 
oscillorecord camera, sweep calibrator, audio amplifier, fre¬ 
quency meter calibrator, and FM-AM tuners. Includes 
prices.— Brown I N(; Laboratories, Inc., 742-750 Main 
Street, Winchester, Massachusetts. 


GAP-R Electronic Analog Computers -Bulletin and pre¬ 
print describe analog computor components, such as adding, 
coefficient, integrating, differentiating, augmenting, etc., with 
which complete analog computors can be constructed incor¬ 
porating all elements of the class of systems to be studied. 
Ten fields of technology in which analog analysis is useful 
are listed.— G, A. Philbruck Researches, Inc., 230 Con¬ 
gress Street, Boston 10, Massachusetts. 


High-Speed Chronoacope— Bulletin 100 describes the 
Model 100 American High-Speed Chronoscope, an eletttronic 
stop-watch for the measurement of time from 10 microseconds 
to 1 second.— American Chronoscope Corporation, J50 
South Middle Neck Road, Great Neck, New York. 


Tracerlog —April 1949 issue of Traccrlog, house organ, 
features an article on the performance characteristics of 
Geiger tubes and includes an insert on operating instructions 
for such tubes. - Tracerlab, Inc., 55 Oliver Stred, Boston 
10^ Massachusdts. 


Rotameter with Safety Shielding— 4-i>age illustrated cata¬ 
log describes various models of the Full-View Rotameter with 
Safety Shielding. -Brooks Rotameter Company, Lansdale, 
Pennsylvania. 


Electrical Meaaurementa —4-pagc leaflet is devotcii to a 
discussion of the ot>erating principles and available models of 
high-resistance instruments in which a potentiometer dreuit 
compensates for voltage drop across the current-measuring 
elements.—S ensitive Research Instrument Corporation, 
9-1J Elm Avenue, Mount Vernon, Neu* York. 


The Graphic —Bulletin No. 549 describes Model AW Re¬ 
cording Milliammeters and their applications.—THE Ester- 
une-Angus Company, Inc., F. 0. Box 596, Indianapolis 6, 
Indiana. 


Attenuatora— Leaflets describe high-frequency step at¬ 
tenuator and attenuator pad for use up to 1000 nic.™ 
WmNscHEL ENGmsBRiNG COMPANY, 123 WiUiam Street, 
New York 7, New York, 


New Materials 


Pore«t K. H«rrit: Attociate Etditor 
in Charge of this Section 

National Bureau of Standards, Washington, D. C. 

Colloidal Graphite Neolube is an alcohol sus¬ 

pension of Acheson colloidal 
graphite, designed for application with a brush on a wearing sur¬ 
face. The alcohol evaporates quickly leaving on the surface an 
adherent film that will not blow or rub off. The film can be rubbed 
to a high polish that will not stain a fabric following the Initial 
rubbing. It is designed for use on bearing surfaces where any oil 
drip might be objectionable or where oil may become gummy and 
lose its lubricating value and may be used on electrical apparatus 
including contacts, since the film is electrically conducting.™ 
Huron Industries, Port Huron, Michigan. 

Lay-Out Plata A series of ceramic surface 

plates is available in sizes 
ranging from 5 to 24 inches in diameter. The top is finished flat to 
within 0.001 inch and has a semiglossy surface which is neither 
slippery nor sticky. It is well adapted for blueing in checking work 
flatness and can be cleaned with soap powder and water.— 
Norton Company, 36 Neuf Bond Street, Worcester 6, Massackusetis. 

Core Binder Cycor 151 is a thermoset¬ 

ting resin, developed in a 
research on foundry problems, to make water-resistant sand cores. 
The amount of binder used and the use of additives may be ad¬ 
justed to give desired green or baked tensile strengths, perme¬ 
ability, hardness and collapsibility, resulting in cleaner, more 
uniform castings. The curing temperature is 350®F, and cores 
containing the binder may be cur^ in externally heated or di¬ 
electric ovens. The finished core will withstand high humidity 
and long lay-over in molds waiting to be poured.— American 
Cyanamid Company, 30 Rockefeller Plaza, New York 20, New York. 

Casting Sealant ^ ^ PermaJU is a liquid 

resin for sealing porous, light 
metal castings. It was developed to make possible the salvage of 
castings which would otherwise he rejected because of porosity, 
and to permit their use in applications involving oil or vapor 
pressure. A polyester-type resin, Permafil converts to a tough, 
dear solid, free from voids, through heat and catalytic action. 
Castings are sealed by vacuum impregnation with a subsequent 
short oven-bake. The material is stated to have good storage life 
under recommended conditions. Further infonnation may be ob¬ 
tained from the manufacturer. —General Electric Company, 
Chemical Department, Pittsfidd, Massachusetts. 

Bonding Process A process has been de¬ 

veloped for bonding dissimi¬ 
lar materials in parts which must withstand high lateral or in¬ 
ternal hydrostatic and aerostatic pressure. Primarily designed for 
bonding plastic or Neoprene to metals, or ferrous to non-ferrous 
metals, the process uses special equipment and a new bonding 
agent. In addition to bonding, the process eliminates micro¬ 
porosity by impregnation with the bonding agent, with a wide 
range of temperature and chemical resistance. Such dissimilar 
materials as glass to metal, Neoprene to metal, steel Inserts to 
aluminum, brass to aluminum, and aluminum to aluminum have 
liecn bonded. Finished parts show no visible signs of treatment, 
and anodized, plated, or machined areas are not affected. De¬ 
scriptive literature may be obtained from the manufacturer.— 
Western Sealant, Inc., 9091~3 West Washington Boulevard, 
Culver CUy, California. 
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Gasket Coating fdstal^ a modified poly¬ 

sulfide elastomer of the thio- 
kol type, can be i^splied to any fiber-type base material for use in 
sealing gaskets with high resistance to pressure, chemical action, 
and heat. It is not materially affected by mineral or vegetable 
oils, aliphatic or aromatic hydrocarbons, lower alcohols, carbon 
tetrachloride, or dilute acids and bases. It contains no free or ex¬ 
tractable sulfur compounds and docs not corrode or stain copper 
or aluminum. It is stated to oi>erate efficiently from ^50 to 
4.225®F without appreciable change in its characteristics. It is 
available in coating thicknesses from 0.001 in. to 0.005 in. on base 
materials such as chipboard, treated paper, and fil>cr. -Felt 
Products Manufacturing Company, 1508 Carroll Avenue, 
Chicago 7, Illinois, 

Heftt Resistant Resinox 10Z3l is a phenolic 

Phenolic molding powder which was 

developed for use in products 
which must withstand extremes of thermal shock and still retain 
a high gloss. It is stated to have withstood 100~hour exposure to 
temperatures ranging from 400 to 500®K, and to be capable of im¬ 
mediate transfer from room temperature to a hot oven without 
any evidence of blistering. It is also stated to have improved mold¬ 
ing properties and excellent dimensional stability.— Monsanto 
Chemical Company, .S/. Louis 4, Missouri. 

Use for Dri-Film G. E. Dri-Film water re¬ 

pellent has been used in a 
rubber laboratory to reduce the chore of cleaning latex from glass 
dishes, to a simple rinsiftg operation. It is stated to be the best 
material yet found for preventing the adherence of latex to glass, 
G. E. No. 9987 Dri-Film is diluted to a 10 percent solution, and 
poured into the dish to be protected. After the excess is drained 
off, the article is dried IS minutes at 200®F. Dishes so treated can 
be used and cleaned 5 times before another application is needed. 
This formulation of Dri-Film was originally developed for treat¬ 
ment of glass ware and nectJIes used in handling blood, to reduce 
the clotting rate.— General Electric Company, PiUsfield, 
Massackuseits. 

Laboratory Quartzware Quartz has long been 

known to possess many de¬ 
sirable properties for lalxjratory apparatus but has been difficult 
to obtain. A complete line of standard laboratory ware is now 
available in transparent quartz for use where glass is unsuitable. 
It may be used continuously at high temperatures, is chemically 
inert to most reagents except hydrofluoric acid, and is extremely 
resistant to thermal shock. Its use is especially recommended in 
micro-work where ordinary glassware lends to introduce im¬ 
purities into the material. In addition to standard apparatus, a 


custom fabrication service is available to meet s{YOcialuBeci needs.— 
The Panray Corporation, Quartzware Division, 393 Broad¬ 
way, New York, New York, 

High Temperature * twlymer of tri- 

Plastic fluorochloroethylene in which 

I of the weight is made up of 
the 2 halogens, fluorine and chlorine. It is colorless and trans¬ 
parent but can be blended with solid fillers and coloring agents. 
It is related to the fluorocarbons (in which all the hydrogen of 
the hydrocarbon has been replaced by fluorine) but differs from 
them in that some of the fluorine has been replaced with chlorine. 
The new plastic has the properties of stability and chemical 
inertness which characterize the saturated fluorocarbons and in 
addition possesses certain useful physical properties: It is ex¬ 
tremely resistant to chemical action but is easily worked in con¬ 
ventional equipment; it is strong and hard but not brittle; it can 
be used at relatively high temperatures and has satisfactory per¬ 
formance at extremely low temperatures; it is amenable to heat 
treatment which imparts desirable permanent properties at the 
use temperature. Because of its chemical inertness (it is not 
affected by prolonged exposure to concentrated hydrofluoric acid, 
strong caustics, aqug regia, and other vigorous oxidizing agents) 
it may be used in pump and valve packing and seals where cor¬ 
rosive gases or liquids arc processed. Its transfiarcncy makes it an 
excellent substitute for glass in gauges and flowmeters where glass 
would be attacked. It can Ijc laminated with wire or glass cloth in 
applications where inertness must be combined with higher me¬ 
chanical strength. Its low cold-flow makes it useful as the seating 
material in safety release valves which are normally closed for 
long periods of time by constant spring-loaded pressure. Since its 
properties are satisfactory from — 320°F (liquid nitrogen tempera¬ 
ture) to -f 390®F, it could be used in liquid air and oxygen work, 
in refrigerating systems and in low temperature reaction systems. 
It is a good electrical and heat insulator and is l>elieved to offer 
[Kissibilities as a wire Insulation in motors and other equipment 
that must operate at high temperatures under corrosive condi¬ 
tions. Another valuable property is that it is not wetted by water 
and is unaffected by high humidity, making it a good water scal¬ 
ing agent. It has good fabricating properties in the temperature 
range of 550-fiOO^F and may be compression, transfer or injection 
molded, or extruded. It has been made as sheets, films, tubing^ 
rod, or as insulation on wire, and can be punched, drilled, or 
machined to close tolerances. It is stated to be remarkably amen¬ 
able to heat treatment, stable properties at one temperature being 
obtained by suitable heat treatment at a higher temperature. In 
this way it may be made relatively soft and resilient or harder 
and less yielding without the use of plasticizers and without the 
sacrifice of any of its stability characteristics.—W. M. Kellogg 
Company, Jersey Cily, New Jersey. 
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A pressure measuring device of the general type first described by Knudsen has been constructed for ob¬ 
taining preciMon measurements of gaseous pressures in the range from IXlOr* to 10~* mm of Hg. The 
instniment has been calibrated, with the aid of a McLeod gauge, in nitrogen, hydrogen, oxygen, methane, 
ethylene, normal-butane, and iso-butane. The mechanical precision of the instrument seems to be better 
than plus or minus 0.5 percent and the accuracy of the above calibrati*^ is probably of the order of plus 
or minus 1 percent. Calibration curves for the above puKS have been tarwted analytically and equations for 
the different gases have been discussed. An empirical method of calibration has bm described for calibrat¬ 
ing the instrument in condensible gases whose pressures cannot be measured in a McLeod gauge. 


INTRODUCTION 

I N the ion-beam scattering work conducted in this 
laboratory,* there has been a need for some time 
for an instrument capable of accurately determining 
the pressures of hydrocarbon gases and vapors in the 
range from 1X10“* to 10^ mm of Hg. Mechanical 
devices like the Pirani gauge and the ionization gauge, 
while useful in indicating vacua in this region, are not 
capable of giving precision measurements of the pres¬ 
sure. In addition, they are not reliable when used with 
gases which are affected by the hot filaments in these 
gauges. The McLeod gauge, which is the gauge most 
often used for precision pressure measurements in this 
range, usually requires a cooling trap to prevent mer¬ 
cury viqxir from contaminating the vacuum system. 
Since all but the most permanent gases will adsorb in 
this trap, the McLeod gauge is useful for only the most 
permanent gases under these conditions. Furthermore, 
even with permanent gases, measurements of the lower 
pressures in this range witli a McLeod gauge are un¬ 
reliable due to the uncertainty involved in the value of 
the capillary correction and to the tendency of the 
merciuy to stick in the capillary tubes. An instrument 
of the Knudsen variety which circumvents both of 
these difficulties is desaibed below. It is capable of 

‘ RuimII, Footaas, sad Shnons, J. Chsm. Phys. 9, 381 (1941). 
Simons, Foatsns, Frimds, sad Utuier, J. Chom. Pays. 11, 312 
(1943). Smons, Mua^ts, Jr., sad Ungar, J. Chem. Pays. 11,322 
(1943). J. B. Smoas sad 0. C. Fiyburg, f Chem. Phys. 13,21« 
U94». J. R. Samms sad L. O. Unger, f. Chem. Phys. 13, 221 


giving precise and dependable pressure readings through¬ 
out the entire range from IXlO^ to 10^ mm of Hg. 
It involves no objectionable medium like mercury 
and thus may be used without a cooling trap. It may 
be used for condensible as well as for non-condensible 
gases, and it gives a continuous reading of the pressure. 

DESCRIPTION 

The instrument is of the deflecting leaf type of Knudsen 
gauge. A diagram of it is illustrated in Fig. 1. This 
type of gauge suffers from the disadvantage that it 
cannot, in general, be calibrated directly from its di¬ 
mensions and operating conditions as can the torsbn- 
fibre type of gauge:* because the temperature of the 
deflecting leaf caimot be known and hence will remain 
uncertain. It is, however, very much simpler to con¬ 
struct and possesses greater sensitivity over a broader 
range of pressures for a given set of operating conditions. 

The deflecting system consists of a strip of aluminum 
foil (1) 14.3 cm by 2.0 cm by 0.(X)06 cm, hung from a 
piece of No. 26 spring brass wire (2) to each end of which 
is soft-soldered a small pivot (3). The foil is attached to 
the wire by means of a small amount of Apiezon W wax. 
A 2-mm e^ is bent back along both sides of the foil at 
right angles to its face to keep the foil rigid and straight 
at all times. The center portion of the brass wire is b^t 
downward in the shape of a U to allow adjustment of 
the distance between the pivot points (before attadi- 
ment of the foil) and to lower its center of graviQr. The 

*M.Knudten, Ann. d. Phyiik, 32,809 (1910). 
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Fig. 1. 


pivots themselves were obtained from Permo Incor¬ 
porated of Chicago and are of K Monel, 0.020 inches 
in diameter and 3-mm long tipped with an extremely 
hard alloy of osmium. The tips were accurately ground 
with a radius of curvature between 0.0075 to 0.001 
inches and with a 40 degree included angle. The whole 
deflecting system weighs 0.0761 g and has its center of 
gravity about 0.10 cm below the axis of rotation. It 
is suspended from a case-hardened steel yoke (4), the 
pivot points resting in the center of two small indenta¬ 
tions each ground with a 90 degree included angle and 
terminating in a slightly concave bottom whose di¬ 
ameter is about 0.02 inches. The surface of these in¬ 
dentations is highly polished. The steel yoke, itself, is 
bolted in a supporting J-inch square brass bar (6). 
Thus electrical contact is obtained between'the alumi¬ 
num leaf and the body of the gauge, a condition neces¬ 
sary to eliminate spurious electrostatic effects. This 
t}^ of suspension of the deflecting leaf allows deflec¬ 
tion without any bending of the leaf in contrast to the 
usual type of suspension in which the top of the leaf 
is clamped in place and deflection obtained by bending 
of the leaf. Bending of the leaf is undesirable as it sets 
up stresses in the leaf and results in poor ability to re- 
Mro accurately. In our instrument, with proper polish¬ 
ing of the indentations, the leaf re-zeroed to t(rithin, at 
worst, a few thousandths of a millimeter. 


The heater element consists of a long piece of flat 
Nichrome resistance wire wound about two glass rods 
(9) which are held apart by brass clamps (10). The wire 
is held in place on the rods by glass thread made from 
very fine glass wool. This is also mounted on the brass 
bar (6), directly in front of the deflecting leaf and about 
l-mm distant from it. The lower end of the Nichrome 
ribbon is bolted to the bar thus grounding it to the body 
of the gauge. The upper end is insulated with glass 
capillary and brought out through a tungsten seal in 
the glass tube (12). The element has a resistance of 
about 15 ohms. Current (about 0.2 amps) is supplied 
by a six-volt storage battery which is charged while in 
use to ensure constant supply voltage. The current 
may be varied by means of a sensitive, variable re¬ 
sistance in series with the heater element. The magni¬ 
tude of the current is determined by measuring the 
voltage drop across a standard 5-ohm resistance also 
in series with the heater, a Leeds and Northrup type K 
potentiometer bemg used for this purpose. So that the 
temperature of the heater can be determined, a small 
copper-constantan thermocouple is soft-soldered to the 
ba^ of it. The leads (13) of this are also insulated in 
fine glass tubing and are brouj^t out through short 
pieces of glass capillapr (14) blown into the top of the 
glass tube (12). The wires are sealed in place by warming 
the glass capiUaty slightly and placing a piece ai Apkaon 
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W wax over the hole in the end. Capillary action draws 
the melted wax down the bore of the tube and upon 
cooling makes a very satisfactory vacuum seal. 

The body of the gauge consists of a 2-inch copper 
pipe (17) silver-soldered into a grooved disk (24) of 
f-inch brass. Two hollow brass cylinders (21) are silver- 
soldered into sides of the pipe near the bottom of the 
aluminum leaf so that movements of the leaf can be 
observed. Plate glass disks (22) are sealed into these 
with Apiezon W wax and held in place by brass lock 
washers (23). The top of the gauge consists of another 
|-inch brass disk (15) into which the supporting bar (6) 
is screwed and silver-soldered in place. Also silver- 
soldered into this top is a crows nest (16) by means of 
which a vacuum tight seal is made to the glass tube 
(12), with the aid of some Apiezon W wax. In the bot¬ 
tom side of this top (15), a groove, i-inch deep, is 
machined to fit over the copper pipe (17). A close-fitting, 
annular rubber gasket (18) fits into this groove and the 
remainder of the space is filled with Apiezon W wax, 
the rubber gasket having previously been boiled in 
dilute KOH solution to remove sulfur, etc. To assemble 
the gauge it is only necessary to fit the groove over the 
pipe, warm the joint, and then draw the disk down 
onto the pipe by tightening up on eight steel machine 
screws (19) which screw into holes in the ^-inch brass 
flange (20) silver-soldered around the copper pipe. 
This seal is quite easy to make or break and was never 
found to leak. 

Around the body of the gauge is soft-soldered a piece 
of sheet copper (25) enclosing an annular space through 
which water flows, the purpose of which is to maintain 
the body of the gauge at constant temperature. This 
in turn is surrounded by large pieces of rock cork cut 
to fit snugly against the gauge, insulating it from the 
room. The temperature of the water is determined by 
means of a thermocouple. The entire gauge is soft- 
soldered into a circular depression in a square piece 
of J-inch brass which is bolted securely to a large piece 
of Transite. Also bolted to this Transite is the micro¬ 
scope used to observe the deflection of the aluminum 
leaf. This is mounted in a machined carriage and is of 
the filar micrometer type capable of reading accurately 
to 0.001 mm over a 4-mm range on the object. The 
Transite piece is mounted on sponge rubber and bolted 
loosely to a flat board which in turn is mounted on three 
3-foot pieces of |-inch pipe screwed onto the floor. 
This arrangement gives sufficient stability and yet 
eliminates all vibrations from the floor. 

OPERATION 

The construction of this gauge obviously prohibits 
the use of heat treatment in degassing it. It was, there¬ 
fore, necessary to exhaust it for some time, before all 
the gases ad^rbed on the large metal surfaces were 
removed. After pumping for one week, it was found that 
the pressure in the entire gauge system rose at the rate 
of onfy 1X10"* mm (rf Hg per hour when disconnected 


from the pumps. This was about as good as could be 
obtained even with longer pumping. The lowest pres¬ 
sure obtainable was about SXlO^ mm of Hg as indi¬ 
cated by an ionization gauge connected to the instru¬ 
ment. This pressure no doubt arose in part from the 
vapors given off by the rubber gasket, the Apiezon W 
wax, and the stopcock grease, though Apiezon N grease 
was used on all stopcocks. 

In operation of a Knudsen gauge there are two com¬ 
mon methods employed: one is to keep the temperature 
of the heater constant, and the other is to keep the 
current passing through the heater constant. The latter 
method is the simpler but suffers from the disadvantage 
that the calibrations will he different for gases having 
different thermal conductivities. This amounts to a 
deviation of but a few percent for most gases and is, 
therefore, of little consequence since it is usually less 
than the precision of measurement of the gauge. 
However, with our precision instrument, it was neces¬ 
sary to eliminate this variable, and so this gauge was 
operated with a constant heater temperature. This 
temperature was determined by means of the thermo¬ 
couple soldered to the back of the heater. Differences 
of 0.001 mv or 0.()25°C could be detected. Data were 
taken to ascertain how sensitive the gauge readings 
were to changes in the heater temperature. It was de¬ 
termined that the sensitivity of the gauge was altered 
2 percent per degree change in the heater temperature. 
Nearly identical results were obtained with respect to 
changes in the temperature of the water (flowing around 
the body of the gauge). By means of the variable re¬ 
sistor which was in series with the gauge heater, it was 
possible to maintain the heater temperature constant to 
about plus or minus 0.002 mv or plus or minus 0,05®C. 
This should contribute an error of only plus or minus 
0.1 percent. The water flowing around the gauge issued 
from a constant temperature bath regulated by a 
thermostatic regulator similar to that described by 
Fenske*. No variation in the temperature of the water 
greater than plus or minus 0.001 mv or plus or minus 
0.025°C could be detected. Hence negligible error should 
arise from this cause. 

From these preliminary investigations, operating 
conditions were chosen which would give a 2-nxm foil 
deflection at a pressure of about IXIO^* mm of Hg. 
This was about the upper limit of pressure for the region 
in which we were interested, and hence 2 mm would be 
about the maximum foil deflection. This was kept as 
small as was feasible in order to keep the distance be¬ 
tween the aluminum leaf and the heater, which was 
about 1 mm to start, as small as possible. The operating 
conditions chosen were; the temperature of the heater 
was maintained at a temperature which gave a thermo¬ 
couple e.m.f. of 2.822 mv (approx. 68.0®C); the tem¬ 
perature of the water was maintained at a temperature 
of 2S.0®C which gave a thermocouple emf of 0.984 mv. 


»Hersh, Fry, and Fenakc, Iftd. Eng. Chem, 30, 363 (1938). 
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The precision of the instrument, when operated as 
above, can be obtained from a comparison of the gauge 
readings taken during different “runs” for the calibra¬ 
tion in a given gas. Some of these “runs” were made as 
much as two weeks apart. The gauge readings were re¬ 
producible to a few tenths of a percent, except at the 
small deflections. This slight uncertainty in the small 
deflections, however, arises as a result of the uncertainty 
in the time readings, which was about plus or minus 
0.05 minutes, and is not a characteristic of the gauge. 

CALIBRATION OF THE GAUGE 

As was stated above, it is not possible to calibrate 
Knudsen gauges of this type directly from their dimen¬ 
sions and operating conditions. Hence it is necessary 
to calibrate them against a McLeod gauge. However, 
for the pressures in the region in which we wished to 
calibrate the gauge, the readings of the McLeod gauge 
are unreliable due to the uncertainty involved in the 
value of the “capillary corrections.” In addition, the 
mercury tends to stick in the capillary tubes at the 
lower pressures involved. To circumvent these difficul¬ 
ties a dynamic method of calibration was used which 
did not require measurements at the lower pressures or 
even an actual evaluation of the higher pressures, thus 
eliminating all error caused by uncertainty in the 
“capillary correction.” 

Gas was allowed to leak into the gauge system through 
a long slender capillary made by pulling out a piece of 
|-mm capillary tubing to a length of about 10 feet. 
This was inserted into a large U tube of 10-mm Pyrex 
tubing and the butt end ring-sealed into the tubing. 
One end of the U tube was joined through a vacuum 
stopcock to the gauge system and the other end was 
connected to a glass bulb and a closed-tube mercury 
manometer. This “backing system” could be evacuated 
and filled with any desired gas. The gauge system con¬ 
sisted of the instrument itself, a large McLeod gauge 
equipped with a cooling trap to prevent mercury 
vapor from entering the rest of ^e system, an ionization 
gauge, and a mercury diffusion pump equipped with 
cooling trap and suitable backing pun^. All of these 
parts were cormected to a common ou^old through 
large vacuum stopcocks so that any one of them could 
be cut out of the system at will. The ionization gauge 
was always cut out before allowing any gas fo leak into 
the system and was used only to determine the limiting 
pressure. With the instrument operating and the capil¬ 
lary leak cut into the system, it was only necessary to 
cut out the pumps and the pressure in the system rose 
as a linear function of the time. The movable leaf 
deflected as the pressure increased, and the deflections 
were read at convenient intervals as denoted on an 
accurate electrical timer. Hence if the “leak” through 
the capillary were calibrated, the pressure b the system 
would be l^wn at any time, from winch a pbt of 
gauge deflection versus pressure co\ild be obtabed. 
The “leak" was calibrated with the aid of the McLeod 


gauge. After the pressure had mcreased to a sufficient 
magnitude so that stkkmg of the mercury m the 
capillary tubes was not too troublesome, the mercury 
b the McLeod was raised to the 10~* mark b the dosed 
capillary. This was adjusted accurately with the aid of a 
cathetometer capable of reading 0.01 mm. This McLeod 
gauge was constructed with an open 8-mm tube b 
addition to the usual open capillary tube, and the 
difference in height between the mercury columns b 
the 8-mm tube and b the closed capillary was measured 
with the cathetometer. This was, of course, not the 
pressure in the system but was greater than it by the 
difference b the capillary depressions in the two tubes. 
Nevertheless, this “di ff erence” or “capillary correction” 
b contrast to the “capillary correction” between the 
two capillary tubes, is fairly constant, sbce the mercury 
was always brought to the same place b the dosed 
capillary and sbce any variations b the diameter of the 
8-nun tube would have negligible affect on the anall 
depression b it. It was not necessary to know the mag¬ 
nitude of this “capillary correction” for it is only the 
rate of bcrease of pressure which is required. This was 
obtabed by plottbg the above-mentioned differences 
b height, taken at definite intervals of time, against 
the time. This plot is a straight Ibe the slope of whidi 
is the rate of increase of pressure and the btercept of 
which on the y axis is the sum of the “capillary correc¬ 
tion” and the small bitial pressure, p°. With this value 
of the slope it was possible to nuike a plot of gauge 
deflection (D—D”) against the increase b pressure 
(p—p**) thus obtainbg the desired calibration curve. 
Here, p” is the small limitbg pressure existbg b the 
gauge at zero time, and so (p—p°) is the bcrease b 
pressure caused by the leak. D° is the position of the 
leaf of the gauge at zero time and so (D-'D”) is the 
deflection caused by the bcrease b pressure. The 
deflection could be plotted against the total pressure, 
p sbce p” can be measured with the ionization gauge. 
However, b our scattering experiments we desire the 
bcrease b pressure, and hence the use of (p—p**). 

In calibrating the gauge it was found necessary to 
take the McLeod gauge teadbgs and the deflection 
readbgs during different “runs.” This was due to the 
fact that the raisbg and lowering of the mercury b 
the Md>od caused a light change b the pressure of the 
^tem. Hiis was detected b the effect it had on the 
deflections of the gauge, causbg an bcrease b deflec¬ 
tion with some gases and a decrease with others. 
Consequently, the data of foil deflections versus time 
were usually taken without taking any McLeod gauge 
readbgs. The McLeod gauge readbgs were taken durbg 
separate “runs,” and no mote than two or three were 
taken without pumping out the qrstem and starting 
over agab. Correctbns were made on the values of the 
second and third readings from obeervationa ai the 
deviarions {noduced b the foil deflection and from a 
knowledge ol an ai^mndmate vake of the rate of 
bcrease of pressure. amotmted to 0.1 or 
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mm of Hg in most cases. In order to take these readings 
at different times, it was essential that the rate of in¬ 
crease of pressure remain constant. The number of 
moles of gas leaking through the capillary was very 
ama ll and a simple calculation showed that the value 
of the rate would not drop 0.5 percent in less than six 
months. Hence, it was only necessary to establish the 
same room temperature each day to insure a constant 
rate. However, to obtain results reproducible to a few 
tenths of a percent it was also necessary to keep the 
level of the mercury in the McLeod gauge at the same 
place (in order to maintain a constant volume in the 
system), and to keep the cooling mixture on the 
McLeod gauge trap at the same level for each “run” 
and during a “run.” 

In the actual McLeod gauge measurements, sticking 
of mercury was still troublesome. Therefore, three or 
four readings were taken at each timer interval and the 
average of these used. The method of least squares was 
then applied to these averages and the rate of increase 
of pressure was obtained as the slope of the line. The 
mean deviation between the experimental averages 
and points calculated by using this rate of increase of 
pressure was about 0.13 mm. This amounted to but a 
few tenths of a percent of the experimental values, so it 
is evident that they all lay close to a straight line. The 
rates of increase of pressure used were of the order of 
30X 10“‘ mm of Hg per hour. 

The above method of calibration was used for nitro¬ 
gen, hydrogen, oxygen, methane, and ethylene, though 
for the last two gases, dry-ice-acetone mixture had to 
be substituted in place of liquid air on the McLeod 
gauge trap due to a small amount of adsorption. How¬ 
ever, this method could not be used for more easily 
condensed gases, such as butane, for these would be 
readily adsorbed in the cooling trap. Hence an expan¬ 
sion method was used for the calibrations of the two 
butane isomers. The system was modified by inserting 
two stopcocks in the manifold in series between the 
McLeod gauge and the instrument; the volume be¬ 
tween the stopcocks being very small (about 1 cc). 
This effectively separated the system into two distinct 
parts connected only through the two stopcocks. The 
one part consisted of the McLeod and accompanying 
trap. Bulbs containing nitrogen and the butanes were 
connected to this so thkt samples of these gases could be 
admitted to it at pressures ranging from 0.3 mm to 
1.25 mm. The other part consisted of the gauge and the 
pumps, the ionisation gauge and the capillary leak 
having been removed. 

The method of calibration consisted merely of ex- 
pancUng some butane gas from one of the bulbs into the 
McLeod gauge system up to some pressure within the 
range mentioned above. These pressures were high- 
enouf^ that the vapor pressure of mercury at room 
temperature amount^ to a negligible percentage of the 
total ptesnue. As a result, no cooling of the McLeod 
gat^ trap was necessary and hence, no harmful ad¬ 


sorption occurred. The pressure of the gas in this sys¬ 
tem was read with the McLeod gauge; accurate meas¬ 
urements being easily obtained at such high pressures. 
The gas in the small volumes between the two stop¬ 
cocks was then trapped off and quickly expanded into 
the gauge, the pumps having been cut out from this 
region just previous to the expansion. This resulted 
in a deflection of the leaf of the gauge and in a drcp in 
the temperature of the gauge heater. However, it was 
found possible to maintain the temperature of the 
heater constant by quickly increasing the current pass¬ 
ing through it. With a little practice it was possible to 
do this and read the deflection of the foil within a 
minute after the expansion. Equilibrium seemed to be 
reached very quickly as no change in the deflection was 
noticeable after thU except for the small gradual in¬ 
crease caused by the natural leakage of the S3rstem. This 
amounted to only 0.001 mm per minute and was not 
significant when the readings were obtained within one 
minute after cutting out the pumps. 

If the ratio of the volume of the space between the 
stopcocks to the volume of the gauge system is known, 
one can easily calculate the final pressure in the gauge 
system from the previous measured pressure by means 
of Boyle’s law, and thus calibrate the gauge. Accurate 
measurements of these two volumes by the usual 
methods would be quite cumbersome. However, as the 
gauge had previously been calibrated in nitrogen, tins 
gas could be used to calculate the ratio of these volumes 
by actual measurements of pressures before and after 
expansion. Numerous values of this ratio were taken 
with* nitrogen over the entire range of pressures and at 
widely different times during the actual butane calibra¬ 
tions. The ratio remained constant to phis or minus 
0.5 percent or plus or minus 0.000005 out of 0.00115, 
this latter number being the value obtained for the 
ratio. It was, of course, necessary to keep the tempera¬ 
ture of the room constant during measurements of this 
type, just as in the other method of calibration. 

As a check on the method, two points were taken 
with methane and two with ethylene, the gauge having 
already been calibrated in th^ gases by the other 
method. For methane, values for (D—D®) of 1.507 mm 
and 0.788 were obtained at pressures of 68.94X10~* 
and 34.56X1(H mm of Hg, respectively. The values 
for these same pressures taken from ^e calibration 
curve were 1.507 mm and 0.785 mm. For ethylene, 
values for (D—D®) of 1.774 mm and 1.114 mm were 
obtained at pressures of 85.4X 10“* and S0.9X 10“* mm 
of Hg. The values taken from the calibration curve were 
1.782 mm and 1.119 mm. The agreement in the case 
of the methane is very good. That for the ethylene is in 
error by 0.4 percent which is within the precision of the 
measurements. 

The results obtained by this method were as precise 
as those obtained by the dynamic method and had the 
advantage of being easier to take. 
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Table I. 

Calibration results. 


(mm) 

Ns 

P 

Hi 

"JP® In mm of HgXlO* 

Oi CH* CjH4 

CiHxn 

0.100 

4.15 

4.5 

4.1 

4.1 

4.05 

4.1 

0.200 

8.45 

9.2 

8.4 

8.4 

8.35 

8.4 

0,300 

12.7 

13.9 

12.6 

12,8 

12.7 

12.8 

0.400 

17.1 

18.7 

16.9 

17.2 

17.2 

17.2 

0.500 

21.5 

23.4 

21.25 

21.6 

21.6 

21.6 

0.600 

26.0 

28.2 

26.25 

26,1 

26.1 

26.3 

0.700 

30.6 

33.1 

30.1 

30,7 

30.75 

31.25 

0.800 

35,1 

37.9 

34.55 

35.3 

35.4 

36.25 

0.900 

.^9.7 

42.8.'; 

39.0 

39.9 

40.2 

41.6 

1.000 

44.3 

47.7 

43.6 

44.7 

45.0 

47.0 

1.100 

48.9 

52.8 

48.1 

49.4 

49.9 

52.75 

1.200 

53.6 

57.8 

52.9 

54.1 

54.9 

58.7 

1.300 

58.5 

63.0 

57.6 

59.0 

59.95 

64.6 

1.400 

(xU 

68.15 

62.3 

63.9 

65.1 

70.75 

1.500 

68.0 

73.4 

67.0 

68.8 

70.3 

77.1 

1.600 

72.9 

78.5 

71.9 

73.8 

75.4 

83.75 

1.700 

77.8 

83.8 

76.7 

78.9 

80.8 

90.4 

1.800 

82.8 

89,1 

81.5 

8.C9 

86,2 

97.25 

1.900 

87.7 

94.5 

86.5 

89.0 

91.9 

104,1 

2M) 

92.8 

99.9 

91.5 

94.1 

97.4 

111,25 



RESULTS 




The results of the calibrations of the above-mentioned 
gases were plotted on a large piece of graph paper with 
(D—D*^) as the ordinate and with (p“~p°) as the 
abscissa. One millimeter along the ordinate corre¬ 
sponded to 0.005-mm deflection of the foil and one 
millimeter along the abscissa, to a pressure of 0.25X 
mm of Hg. These results are presented here in Table I. 
The values for all the gases except the butanes represent 
actual experimental values. Those for the butanes were 
taken at even values of (D—D®) from a curve drawn 
through the experimental points. It should be noted 
that the points obtained for both of the butane isomers 
fell along the same curve, and that none of them devi¬ 
ated from the curve by more than 0.005 mm. Also, 
no points could be obtained for the butane calibrations 
for pressures below 20X10^® mm of Hg, as below this 
the vapor pressure of mercury amounted to more than 
1 percent of the total pressure in the McLeod gauge 
system. However, the lowest four experimental points 
fell on the nitrogen, methane, and ethylene curves, 
which are all identical here, and so it was assumed for 
pressures below this that the butane calibration was 
also identical with that of the above three. 

The calibration curves for all the gases were of similar 
shape starting out from the origin as straight lines and 
gradually dropping off from linearity at higher pres¬ 
sures. Curves of this shape may be represented an¬ 
alytically by an equation of the type 

y^Ax/iX+Bx) ( 1 ) 

in which y represents the deflection of the foil, (D—D®); 
X represents the pressure, (p—p®); and A and B are 
constants characterizing the shape of the curve. 
Transposing and dividing by x one obtains 

( 2 ) 

X 


which is an equation of a straight line. By adapting the 
results given in Table I to this equation, it was possible 
to evaluate A and B for the calibration curve of each 
gas by applying the method of least squares. The 
values obtained are given in columns two and three of 
Table II. 

According to Knudsen’s theory of the radiometer 
gauge, the calibration curves for all gases should start 
out from the origin as straight lines, all having the same 
slope. This is predicted by his theoretical equation 



where Ti and are the absolute temperatures of the 
heater and the aluminum leaf, respectively; p is the 
pressure of the gas in the instrument; and K is the 
repelling force hping measured. This equation was 
derived^ from simple kinetic theory considerations 
and the assumption that the distance between the 
heater and the movable leaf is vanishingly small com¬ 
pared to the mean free path of the gas molecules. 
Because of this latter assumf>tion, Knudsen’s simple 
linear relationship is applicable only at low pressures, 
the magnitude of which depend on the geometry of the 
particular gauge. At higher pressures, as the mean free 
path of the gas molecules decreases, there results a 
gradual dropping off from linearity. Since the mean free 
path varies from one gas to another, it is to be expected 
that the calibration curves of different gases will begin 
to drop off from linearity at different pressures, and 
that they will drop off different amounts as the pressure 
increases. An examination of our sensitive calibration 
curve reveals the fact that the curves are all straight 
lines up to a pressure of about 20X10“® mm of Hg> 
corresponding to a deflection of about 0.5 mm. In addi¬ 
tion, all of these lines, except that for hydrogen, have 
the same slope within the precision of measurement. 
This is illustrated in column four of Table II in which 
the slopes of the curves are given at a deflection of 
0.200 mm. These were calculated using the equation 
obtained upon differentiating Eq. (1); namely, 

A 

- (4) 

{x+Bxy 

The slope for the hydrogen calibration is quite definitely 
lower than the others, about 9 percent in fact. This is 
probably due to the low accommodation coefficient 
which hydrogen undoubtedly exhibits with respect to 
the heater element. As a result, the hydrogen mole¬ 
cules rebounding from the heater have an energy 
corresponding to some temperature below Tu Also, 
these molecules upon, rebounding from the alumi¬ 
num leaf have an energy corresponding to some tem¬ 
perature higher than T%. Both of these effects cause a 
decrease in sensitivity of the gauge* Amdur, JoneSi and 
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Pcaxlman^ have measured the accommodation coeffi¬ 
cients of various gases on gas covered platinum at room 
temperature. They report a value of 0.316 for hydrogen. 
Beeck^ has measured the accommodation coefficients 
of hydrogen and various hydrocarbons on clean nickel 
at 140'*C. He reports 0.310 for hydrogen. With the 
exception of helium and deuterium, all the other gases 
investigated by the above authors lie roughly in the 
same vicinity: between 0.70 and 0.90. For all the other 
gases investigated by us, the calibration curves have the 
same slope in the low pressure region. This would seem 
to indicate that the gauge calibrations are not too sensi¬ 
tive to varying accommodation coefficients but are 
affected only by large variations or very low coeffi¬ 
cients. 

Though the calibration curves for the other gases 
investigated by us start out with the same slope in the 
low pressure region, there is a definite spreading of the 
curves as the pressure increases above 20X 1(1“* mm of 
Hg. From what has been said above one would expect 
those gases possessing the smallest mean free path to 
fall off the most from the initial linear relation and 
those possessing the largest mean free path, to fall off 
the least. An inspection of Eq. (1) shows that the greater 
the constant B is, the more the curve falls off from a 
straight line. An examination of Table II, in which the 
mean free paths are given for the different gases, illus¬ 
trates that B increases as the mean free path decreases. 
These values of the mean free paths, with the exception 
of that given for butane, were taken from Kennard*s 
‘^Kinetic Theory of Gases,” page 149. The values given 
are for a pressure of one atmosphere and a tempera¬ 
ture of 15®C. They are much smaller at one atmosphere 
than at the pressures existing in our gauge, but they 
exhibit the same relative magnitudes in either case. 
The value given for butane was calculated by the same 
method as that used by Kennard, the value for the 
viscosity being obtained from the data of Titani.® The 
viscosities of the two butanes are nearly identical and as 
a result the mean free paths are the same. 

To determine the relationship between the mean free 
path and the rate at which the calibration curves fall 
off from a straight line, Eq. (4) was differentiated so 
that the rate at which the slope decreases may be 



evaluated. Equation (5) results: 

lAB 

- (s) 

(\+BxY 

The values obtained for this at deflections of 0.200 mm 
and 1.500 mm are given in columns six and seven of 
Table II. The ratio of the rate at which the slope is 
decreasing to the slope itself is given in columns eight 
and nine for the same two deflections. A plot of this 
ratio, y"/y', versus the mean free path, Z, indicated 
that the calibration curves for different gases dropped 
off exponentially with decreasing mean free path. A 
plot of log y'Vy' versus log L for deflections of 0.200 mm 
and 1.500 mm, given in Fig. 2, confirms this exponential 
relationship. With the exception of hydrogen, all the 
gases lie on a straight line. 


Table II. Characteristics of the calibration curves. 


Om 

A 

B 

/ at 

0.200 mm 

y at 

1.500 mtn 

y' at 

0.200 mm 

/'at 
l.SOO mm 

yvy at 

0.200 mm 

yvy at 

1.500 mm 

/.XIO* 

(cm) 

Bt 

0.02193 

0.0.9833 

0.0215 

0.0191 

-0.0.420 

- 0.0,350 

0.0,195 

0.0,183 

11.8 

Ot 

0.02415 

0.0*1179 

0.0237 

0.0207 

-0.04553 

-0.04453 

0.0,233 

0.0,219 

6.79 

Bt 

0.02387 

0.0,1213 

0.0234 

0.0204 

-0.04561 

-0.04457 

0.0,241 

0.0,224 

6.28 

CH< 

0.02393 

0.0,1422 

0.0234 

0.0199 

-O.O 4657 

-0.0,514 

0.0,281 

0.0,259 

5.16 

CiBi 

0.02425 

0.0,1927 

0.0235* 

0.0188 

-O.O 489 I 

-0.0,638 

0.0,379 

0.0,339 

3.61 

CiB„ 

0,02467 

0.0,3418 

0.0233 

0.0154 

-0.0,155 

-0.04836 

0.0,665 

0.0,541 

1.84 


L (the mean free path) is given for a pressure of 1 atm, and a temperature of IS degrees Centigrade. 


^Amdur, Jones, and Pearlman, J. Chem. Phys. 12, 159 (1944). 
• Otto Beeck J. Chcra. Phys. 4, 680 (1936). 

Tltani, Bull. Chem. Soo. Japan, 5, 98 (1930). 
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The close adherence to such a relationship of all the 
gases excq>t hydro^n suggests an empinca) method by 
which calibration curves could be obtained for other 
gases knowing only the mean free path of the gas 
molecules and an approximate value of their accommo* 
dation coefficient. If the accommodation coefficient is 
in the range from 0.70 to 0.90, as it seems to be for most 
gases, it may be assiuned that the initial slope of the 
curve at a deflection of 0.200 mm is approximately 
0.0235. Hence, y' is known at a y of 0.200 mm. If L 
is known, a value of y'Vy' for a y of 0.200 mm or any 
other chosen value of y may be obtained from a plot 
similar to that in Fig. 2. With this information, A and B 
in Eq. (1) may be evaluated as follows: Division of 
Eq. (5) by Eq. (4) yields 

y" 2B 

-- ( 6 ) 

y 1+Sx 

Substitution of x in terms of y from Eq. (1) into this 
and into Eq. (4) yields 

{A-ByY 

y’ -(7) 

A 

and 

y" IB 

( 8 ) 

/ A 

All the quantities in these two equations are known 
except A and B which may be obtained by solving 
simultaneously. These may then be plac^ in an 
equation of the same form as Eq. (1), giving the de- 
si^ calibration. This method would not give results 
as accurate as actual experimental measurements, but 
they would probably be in error no more than a few 
percent Its advantage lies in the fact that it may be 
used for gases whose pressures cannot be measured with 


a McLeod gauge and for which, therefore, the instru* 
ment could not be calibrated eiperimentally. 

CONCLUSION 

The results of this investigation indicate that this 
gauge may be operated with a mechanical precision of 
about plus or minus 0.5 p>ercent and may be calibrated, 
with the aid of an accurate McLeod gauge, with an 
accuracy of around plus or minus 1 percent. In addi¬ 
tion, the instrument is simple to construct and if 
properly mounted, is fairly rugged and quite depend¬ 
able. Being of the deflecting leaf t 3 rpe of Knudsen gauge, 
^ it suffers from the disadvantage that it cannot be 
calibrated theoreUcally from its dimensions and 
operating conditions. However, for the relatively high 
pressure region in which we are interested, our results 
indicate that it is very unlikely that any type of ELnud- 
sen gauge would obey its theoretical calibration here 
with any accuracy approaching that desired by us. 
This arises from me difficulty in realizing a distance 
between the heater and leaf that is vanishingly small 
compared to the mean free path of the gas molecules. 
In our gauge where this distance is 1 mm at the lowest 
pressures obtainable, departures from the theoretical 
linear relationship appear at pressures in the vicinity 
of 20X10~‘ mm Hg in the case of nitrogen. The mean 
free path of nitrogen at this pressure is about 30 cm, 
or 200 times the distance between the heater and the 
leaf which is 1.5 mm at this pressure. Thus the distance 
between the heater and the leaf must be at least as 
small as 1/200 of the mean free path of the gas molecules 
at the given pressure in order for Knudsen^s theoretical 
equation to ^ obeyed. This is a factor, the magnitude 
of which has not been fully appreciated by many 
investigators, and indicates the great difficulty which 
would be encountered in designing a Knudsen gauge of 
either type which would obey Eq. (2) up to a pressure 
of 10^ mm of Hg. 
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The Scintillation Counter. I. The Existence of Plateaus 
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A method has been developed whereby inorganic phosphors can be mounted on a photo-multiplier tube 
in thin films. The ZnS; Ag phosphor is quite satisfactory for use in conjunction with the 931A photo-tube. 

Plateaus have been established similar to those associated with Geiger-MUller counter tubes and the associ¬ 
ated circuits. 


INTRODUCTION 


R ecently the technique of detecting nuclear 
^ particles and quanta by using a photo-multiplier 
tube in conjunction with some fluorescent material 
(phosphor) has been highly developed. It is desirable to 
establish the existence of quantitative concepts (common 
to Gciger-Mflller counters) in regard to the scintillation 
counter if this latter instrument is to be regarded as a 
‘‘counter’' rather than an instrument which gives some 
response to ionizing particles. A systematic study con¬ 
cerning the existence of these concepts is in progress 
and, in this report, some of the considerations necessary 
in establishing plateaus are discussed. In the investiga¬ 
tion of the problem of the plateau, the writers found it 
necessary to compare the counting characteristics of 
several phosphors, to develop a technique of mounting 
the phosphors, and to test the performance of the 
instrument in a typical counting situation. 

Three inorganic and two organic phosphors were 
examined. The inorganic phosphors were obtained in 
powder form through the courtesy of Dr. R. S. Holmes 
of the RCA Laboratories, Princeton, New Jersey. Two 
of the phosphors, ZnS:Ag, Cu, and ZnS:Ag are avail¬ 
able commercially from the RCA (Victor Division, 
Lancaster, Pennsylvania) and the third, BaSOi, is a 
product of Ilford, Ltd. The composition and spectral 
characteristics of the RCA phosphors have been de¬ 
scribed elsewhere.^ The ZnS: Ag phosphor is presumably 
the same one as that used by Sherr.* The Ilford Phos¬ 
phor emits a narrow band peaked at 3500A; its time 
constant is reported to be about one microsecond. The 
organic phosphors used were naphthalene and anthra¬ 
cene. The naj^thalene was a c.p. (chemically pure) com¬ 
mercial product not further purified; the anthracene was 
purified in collaboration with Dr. Anthony Turkevich. 

Alpha-particles from polonium were used as a source 
of radiation since the resulting pulses were expected to 
be large and relatively uniform in size. The results 
obtained are given in graphical form. 


APPARATUS 


The counting apparatus consists of a 931A photo-tube 
coupled with a Model 162 scaler (formerly Instrument 


_ * Pmmt Addrost: Department of Physics, Howard University, 
Widdmlioci, D. C 

7,199-MO (m6). 

Sd Inst 1§, 767 (1947). 


Development Laboratories, now Nuclear Instrument 
and Chemical Corporation, Chicago, Illinois). The high 
voltage of the scaler was connected across both the 
931A tube and a one-megohm resistor in series with the 
tube; resistances of 100,000 ohms were used to couple 
the stages of the photo-multiplier. The one-megohm 
resistor is placed in series with the tube, with a con¬ 
denser to ground between it and the bleeder to reduce 
the ripple from the high voltage supply and the at¬ 
tendant pulses. Thus only half of the output from the 
power supply is across the tube. Pulses were taken off 
through a 50 condenser into the amplifier of the scaler, 
where they were amplified and counted in conventional 
fashion. The tube was mounted in a light-tight brass 
cylinder, with provision for the introduction of phos¬ 
phors and samples. A slot sample holder insured repro¬ 
ducible sample geometry. 

The scaler was furnished with a pulse discriminator, 
which allowed the minimum size of pulse suflicient to 
record to vary by a factor of about thirty. The pulse 



Fio. 1. A thin pho^hor screen mounted on a photo-multi¬ 
plier tube. Ail fii^ used were about 10 mg/cm* thick. 
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Pulae htight (tnv) 

Fig. 2. Bias plateau curve. 


discriminator was calibrated with a standard pulse 
generator. 

A supply of 931A and 1P28 photo-tubes was obtained 
of which the 931 A's seemed generally more satisfactory. 
Two of the six 931A’s tried proved satisfactory. 

MOUNTING OF INORGANIC PHOSPHORS 

Since inorganic phosphors are, in general, opaque to 
their own radiation, it is desirable to have them 
mounted as a very thin film, if they are to be used for 
scintillation counting. One method for mounting these 
phosphors has been given by R. Sherr.* This method 
involves sprinkling the powder on the tube opposite 
the cathode and gently tapping the tube so that the 
powder moves about and leaves a thin layer behind. 
A volatile liquid is sprayed over the powder which 
leaves a reasonably stable film upon evaporation. This 
procedure cannot be used in experiments where a 
knowledge of the thickness of the film (mg/cm®) is 
desirable. 

We have found the following procedure more satis¬ 
factory than Sherr’s method of mounting thin films. 
A dilute solution of rubber cement in benzene (about 
0.5 p)ercent cement) is used to form a paste with the 



phosphor powder, about 0.1 ml of solution for every 
200 mg of powder. A previously weighed cellophane 
strip is then moistened with the rubber cement solution. 
When the benzene on the cellophane evaporates, the 
paste can be rolled on the cellophane in any desired 
thickness with a glass rod. The film can be cut into any 
desired shape with a razor blade or any sharp cutting 
instrument. The cellophane strip can be reweighed and 
the thickness can be determined since the area of the 
film is easily obtained. The cellophane is then attached 
to the tube with Scotch Tape. A mounted film is shown 
in Fig. 1. The optimum size and shape of the film were 
established by considerations to be mentioned later. 

EXPERIMENTAL RESULTS 

The Po alpha-source had been estimated to yield 
about 2X10^ disintegrations per minute. The polonium 
film was covered^ with aluminum foil of 0.2 mg/cm* 
thickness. 

Since Po provides an essentially monochromatic 
source of alpha-particles, one would expect that practi¬ 
cally all erf the light pulses produced in the phosphor 
would be of approximately the same intensity. Thus 
the ideal graph representing counting rate vs, pulse 
height would similar to the range curve for collimated 
alphas, i.c., aiong fiat portion with quite a sharp cut-off, 
where the slope of the cut-off results from alpha par¬ 
ticles straggling. Figure 2 shows a typical curve for the 
ZnS: Ag phosphor. The abscissa indicates the minimum 
height of the recording pulses. There is a flat region 
from 0.1 to 0.8 mv, in which the counting rate changes 
by 6 percent. In the large pulse region there is a slow 
drop in a count rate, indicating that there is a broad 
distribution of pulse heights. In the region of low bias 
the curve rises steeply, although the background with 
the sample removed is still small. This unusually high 
counting rate in the region of small pulses was ascribed 
to long-lived phosphorescence induced by alpha-particle 
bombardment. Despite the absence of ideal behavior at 
either extreme, it will be seen that the ZnS: Ag phosphor 
is excellently suited to counting alpha-panicles. 
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A monochromator was used in an attempt to deter¬ 
mine the cause of the inhomogeneity of pulse heights. 
The monochromator consisted of a metal plate about 
2 mm thick with a number of 1-mm holes drilled through 
it. No sharpening of the upper end of the bias curve 
was observed, indicating that the inhomogeneity of the 
alpha-particles from the source was not a major source 
of the spread. Since the tube container was not evacu¬ 
ated, some inhomogeneity could have resulted from 
collision of alpha-particles with air molecules. The 
alpha-particles had approximately 2.S-Mev energy upon 
arriving at the screen. 

Changing the operating voltage changes the heiglit of 
the pulses from the multiplier tube. Thus a curve show¬ 
ing counting rate vs. operating voltage is essentially 
the same as the bias curve discussed above. With a 
proper choice of pulse height, a plot of counting rate vs. 
operating voltage shows a plateau of the type charac¬ 
teristic of Geiger-MUller tubes. Such a curve is shown 
in Fig, 3. The plateau is about 400 volts long, and 
shows a slope of 2 percent per hundred volts. 

Figure 4 shows the results obtained using the 
ZnS; Ag, Cu phosphor. When exposed to daylight, and 
even artificial lighting, this phosphor shows an intense 
afterglow which decays with a ten-minute half-Ufe. 
Thus one must wait three or four hours after assembling 
the appar^us before measurements can be made. The 
counting characteristics of this phosphor are apparently 
not as good as those of ZnS:Ag. The flat region is 
considerably shorter, while the behavior at the two 
ends of the bias curve is substantially the same. 

The results obtained with BaSp 4 :Pb are given in 
Fig. 5. It is apparent that this is the least satisfactory of 
the three. There is no well established plateau region, 
while the ^*tum-up'* at low bias begins before the true 
counting rate has been achieved. 

Eastman c.p. anthracene was purified by a process^of 
alternate sublimation from fused KOH and recrystal- 
tisatitm from benaexke and acetone. The phoi^hor was 
tomuited in the form of a large flake, about 20 mg/cm^ in 


thickne.ss, directly on the counter tube. Figure fi shows 
the behavior of this material. The response is seen to be 
fairly good, although the pulses are much smaller in 
size; i.e., they have the same height at 875 volts as the 
ZnS: Ag pulses at 750 volts. From the gain curve of the 
tube (Fig. 7), we conclude that the anthracene pulses 
are about threefold smaller. At 875 volts the tube 
background at room temperature rises rapidly at low 
bias. The gain curve as given in Fig, 7 is a plot of bias 
voltage vs. operating voltage with constant counting 
rate. 

Naphthalene in the form of a clear lump 2X 1.5X0.3 
cm was mounted on the tube with Duco cement. This 
material gave a poor response to alpha-particles, and 
was not studied further in this connection. Results are 
shown in the same graph with anthracene. 

To test the counter as a working instrument, a deter¬ 
mination was made of the half-life of ThB, on the 
suggestion of Dr. Truman P. Kohman. The phosphor 
used was ZnS: Ag, the tube was operated at 650 volts, 
at a pulse selector setting of 0.24 mv. Lead was plated 
out without carrier from a solution of Th(N 04)4 (the 
salt having stood for several years without purification). 
The ThB activity obtained could then be followed 
through its decay products ThC and ThC'. The initial 
count obtained was about 800 counts/minute; the decay 
was followed for over six half-lives (Fig. 8). The half-life 
of 11.2 hours taken from the curve is in good agreement 
with the literature value of 10.6 hours.® An attempt to 
determine the background of the instrument at this 
setting resulted in 3 counts in 140 minutes. An intense 
source of gamma-radiation in the vicinity of the tube 
produced no increase in background. 

REMARKS 

The establishment of plateaus with the scintillation 
counter is in some respects similar to temperature 
saturation in a two element vacuum tube. Pulses of 
varying sizes exist in the fluorescence radiation from 
the phosphors. As the sensitivity of the tube is in¬ 
creased by increasing the operating voltage, the count- 



Fxo. 6. Bias plateau curve. 

^"Siegbalm, ArWv. f. Astr. o. Fya. 30A, No. 20 (1944). 
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ing rate will increase because more and more smaller 
pulses will be registered by the scaler. (This same action 
can be obtained by keeping the operating voltage fixed 
and varying the bias control.) Finally when the stage 
has reached such that all of the pulses produced by 
ionizing particles are counted by the scaler, further 
increase in the operating voltage (with the bias voltage 
fixed) cannot increase the counting rate. When the 
voltage becomes higher than the desirable operating 
point (or the tube becomes very sensitive), then other 
effects occur not characteristic of the actual counting 
rate alone. 

It is then apparent that if the total number of pulses 
in the fluorescence radiation produced, by the alpha- 
bombardment is small, the plateau will begin at a rela¬ 
tively low voltage and persist for quite some time before 
effects not characteristic of the true counting rate 
obtain. On the other hand it is sometimes desirable to 
operate a higher counting rate. That these two con¬ 
siderations had to be compromised guided these writers 
in the selection of the size of the phosphor screens. 
The size used in obtaining the data from which Fig. 2 
is prepared was small enough to give a reasonable low 
counting rate and at the same time large enough to 
insure sufficient accuracy of counting. That the shape 
of the phosphor screen should be approximately the 


same as that as the sensitive element of the tube has 
also been recognized by others/ 

An intercomparison of results shows that the re¬ 
sponse of the phosphor to nuclear radiation bombard¬ 
ment as well as similarity of the spectral characteristics 
of the phosphor and tube are also important considera¬ 
tions in establishing plateaus with the scintillation 
counter. The ZnS:Ag phosphor proved to be the best 
in these respects. 

This counter is well suited for counting alpha-particles 
when films are used which are prepared in the manner 
- described above. Thickness of about 10 mg/cm^ corre¬ 
spond approximately to the range of the alpha-particles. 
Consequently practically all of their energy is trans¬ 
ferred to the phosphor and the pulses produced are 
large. Beta- and gamma-radiation transfer a relatively 
small part of their energy (as a rule) in traversing 
matter of 10 mg/gm* thickness. When films of inorganic 
phosphors are made thicker, the desired results are not 
obtained since such films are opaque to their own 
fluorescence radiation; consequently the counting rate 
will decrease with increasing thickness. One of us 
(L.B.R.), with his colleagues and students at Howard 
University, is studying the problem of modifying the 
inorganic phosphor film preparations so that beta- and 



* Marshall, Coltaw, tad Bmmt, Sp# 
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gamma-radiation might be counted. The phosphor 
powder has been dispersed in a polystyrene base plastic; 
upon solidification, the translucent plastic can be cut 
into any size or shape desired. Varying degrees of trans¬ 
parency can be produced by controlling the concentra¬ 
tion of the phosphor powder. Details of the results will 
be submitted in other articles in this series. 

We conclude that the scintillation counter, under the 
conditions described above, is an excellent instrument 


for counting alpha-particles down to very low specific 
activity. 

The authors are indebted to a number of colleagues 
for advice and assistance, particularly Dr. John A. 
Simpson, Jr., Dr. James S. Allen, and Mr. Ernest C, 
Anderson. They are equally indebted to Dr. W. F. 
Libby for making available space and equipment for the 
research, and to the Viking Fund for supporting it 
in part. 
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The uae of several types of multigrid tubes as electrometers has been investigated. They are 
shown to possess a number of advantages. Details are given for the 6BE6 and 7A8. Grid currents 
of between 10~“ and 10~“ amp. are obtainable with mutual conductances of the order of 5 microamp./ 
volt and an amplification factor of 300. 


T he use of conventional tube types as reduced 
grid current tubes (electrometers) has been 
described by a number of authors. 

Multigrid tubes (having five or more grids), 
ordinarily used as mixers and converters, appear to 
possess a number of advantages over other types 
used as electrometers, particularly if grid currents 
of the order of 10”'* amp. can be tolerated. 

The present communication describes the re¬ 
sults of tests on a selection of multigrid tubes in 
which the following types were studied: 6BE6, 
7A8, 6D8, IRS, 6SB7-Y. Of these only the 6BE6 
and 7A8 proved suitable. The IRS and 6SB7-Y 
were cut off when operated at the low plate voltages 
necessary to achieve electrometer operation. The 
6D8 was rejected because of the imposubility of 
achieving sufficiently low leakage current between 
the control grid and other electrodes. This is pre¬ 
sumably due to the internal structure, as the con¬ 
trol grid is brought out to a cap on the top of the 
glass envelope and special treatment of the glass 
did not improve the inter-electrode insulation. 


ADVANTAOBS OF THE MUITIOIUD TUBS 

The following sources of grid current in elec¬ 
trometer tubes are discuss^ by Metcalf and 
Thompson :* 


*B. A, Jdtnston, and C. Neittert, Rev. Sci. Inst S, 19fS 
(1934). 

* P. A. Macdonald, Physics 7, 265 (1936). 

* G. H. Gabus and M. L. Poole, Rev. Sci. Inst 8,196 (1937). 

* C. E. liflelsen, Rw. Sci. Inst. 18, 18 (1947). 

*H. S. Aidcer, Electronics 2a 138 (June 1947). 

F, Metcalf, and fi. J. Tnmpaon, Phys. Rev, 34,1489 


(a) Leakage over glass or insulation, 

(b) Ions formed by gas present in the tube, 

(c) Thermionic grid emission due to heating of 
grid by filament power, 

(d) Ions emitted by the filament, 

(e) Photoelectrons emitted from the grid under 
the action of light from the filament, and 

(f) Photoelectrons emitted by the control grid 
under the action of soft x-rays produced by 
the normal anode current. 

These represent a positive ion current or its equiva¬ 
lent when the control grid is sufficiently negative 
to repel all electrons. 

The contribution from (b) (gas ionization) may 
be cut down by operating the tube with much re¬ 
duced potentials on the plate and screen. Metcalf 
and Thompson* recommend 8 volts as an upper 
limit. Further reduction in potential is necessary 
to reduce (f). 

In multigrid tubes the screen, which is at a posi¬ 
tive potential, completely encloses the control grid 
and will effectively reduce the number of positive 
ions formed in the gas which reaches that grid. This 
permits slightly higher operating potentials. It per¬ 
forms the same function for the positive ions emitted 
by the cathode. This is the chief source of positive 
ions at low plate and screen potentials.' 

The positive grid current can be further reduced 
by operating the first or second grid or both at a 
n^ative potential of up to 2 volts. The effect is 
twofold: (1) the total current to the plate and 
screen is reduced and with it the ionization of the 
reridual gas, and (2) the grid constitutes a negative 
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potential ‘'trap** which removes many of the posi¬ 
tive ions emitted from the cathode. ' 

Due to the disposition of the electrodes, con¬ 
ventional electrometer tubes and other tube types 
used as electrometers have an amplification factor 
of about 1. This is a disadvantage, particularly 
when the tube is used as the first stage of a direct 
coupled amplifier where maximum gain is sought 
with a minimum number of stages of amplification. 
Since multigrid tubes have a pentode structure 
between the control grid and the plate, they exhibit 
the high amplification factor associated with such 
a structure. In the tubes tested, this factor was of 
the order of 300. 

In amplifiers where electrometer tubes are com¬ 
monly employed, it is customary to use substantial 
degenerative feedback. Such feedback can be ap¬ 
plied with convenience directly to one of the first 
two grids. This avoids the necessity for feeding 
back to the control grid through its very high im¬ 
pedance, a process which results in an appreciable 
time lag in the application of the degenerative 
signal. Application of feedback to the control grid 
is in any lease impossible if the input stage is to be 
operated with the control grid floating. The 7A8 
also possesses the peculiarity that under certain 
conditions plate current is almost independent of 
heater potential from 2.6 to 3.0 volts. These fea¬ 
tures will be discussed in greater detail below. 

MEASUREMENT OF GRID CURRENT 

Two methods are commonly used for the meas¬ 
urement of grid current. For currents greater than 
about amp. the method consists in noting the 
change in the plate current/control grid char¬ 
acteristic when a high resistance is inserted in the 
grid circuit. This method was used for some 
measurements in the present investigation. Con¬ 
tact potentials proved troublesome. 

The second method, suitable for smaller currents, 
is to observe the time taken for the potential of 
the control grid, left floating, to drift over a specified 



Fia 1. Pentode plate characteristics for 6BE6 No. NI8. 
Broken and continuous lines correspond to filaihent poten¬ 
tials of 3 and 4 volts, respectively. 


range, using plate current as an indication of the 
grid potential. The grid current can then be calcu¬ 
lated from the known capacity of the grid circuit- 

The tube under test was enclosed in a sealed 
metal box to shield it from light and minor electrical 
disturbances. It was unnecessary to shield any of 
the other circuit components, see also Nielsen.* The 
box was not evacuated but contained phosphorus 
pentoxide as a drying agent. Initially, measure¬ 
ments of actual grid current were carried out after 
the box had been left sealed overnight, but a test 
set of measurements taken without drying agent 
in the box showed no significant difference between 
“dried” and “non-dried** tubes. 

The 6BE6 is a miniature type with the pins 
sealed directly into the glass envelope. The 7A8 
has a loktal base. The pins are sealed directly into 
the glass and project through holes in the metal 
base which is readily removed without damage to 
the tube. After soldering short flexible leads di¬ 
rectly to the pins, the surface of the glass was 
treated in the following way to improve its insula¬ 
tion, with very satisfactory results. After washing 
with soap, water, and alcohol the glass is sprayed 
with diethyl-dichlor-silane. This polymerizes on 
the surface of the glass to form a monolayer of 
water repellant silicone polymer which is very 
closely adherent. After further washing with hot 
water and alcohol to remove excess silane the valve 
is baked at 70®C and coated with ceresin wax. 
With this treatment the leakage to the grid pin 
was usually too small to be detected by “rate of 
leak** methods using an electroscope. In one or two 
cases where this was not so, it was found that the 
leakage resistance could be satisfactorily increased 
by scraping off again as much of the wax as possible 
and washing in alcohol. After this discovery (which 
was accidental) all tubes were given the same 
treatment. That this apparently elaborate tech¬ 
nique was justified is shown by the freedom from 
trouble due to leakage currents both in the testfe 
and in apparatus using the tubes over a consider¬ 
able period. 

CHARACTERISTICS OF THE 6BE6 AND 7AS 

The necessity for reducing the potentials on 
screen, plate, and filament to a low value has been 
discussed. In specially designed electrometer tubes 
such as the FP54 or D-9647S, plate potentials may 
be as low as 4 volts. In using as electrometers, tubes 
that are normally designed to operate at potentials 
of sbme hundreds of volts, it is not always possible 
to reduce the plate potential as low as this without 
reducing the plate current and mutual conductance 
to values too small for practical use. Of these the 
second is the more important. In choosing operating 
potentials it is necessary to strike a l^lmce be¬ 
tween smallness of grid current and adequate i^tc 
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current and mutual conductance. Once the col¬ 
lecting potentials are appreciably less than the 
ionization potential of the residual gas the main 
source of positive grid current is the emission of 
ions from the cathode. Under these conditions lower¬ 
ing the heater voltage is more effective in reducing 
the grid current than lowering the plate voltage. 
In the present investigation plate and screen po¬ 
tentials were of the order of 9 volts and the heaters, 
normally rated at 6.3 volts were run at values be¬ 
tween 2.5 and 4 volts. 

The 6BE6 

(a) Plate Characteristics 

Figure 1 shows plate characteristics of 6BE6 No. 
N18 for a screen potential of 9.3 volts, heater po¬ 
tentials of 4 and 3 volts and grid 1 connected to 
cathode (experimental points are omitted). These 
are typical pentode characteristics. 

(b) Effect of Potential of the First Grid (gi) 

In Fig. 2 are shown characteristics of plate 
current against grid voltage for different potentials 
on gi together with the corresix>nding grid current 
curves. The ordinate of the latter is plotted on a 
logarithmic scale, zero grid current is arbitrarily 
taken at 10“*^ amp. Heater potential is 4 volts. 
Screen and plate are operated at 9.3 volts. As ex¬ 
pected, increasing the negative bias on the first 
grid results in a decrease in tlie grid current. Crosses 
on both plots indicate corresponding exi>erirnental 
points for 3 volts on the filament and ~0. Thus 
grid current can be reduced either by a lowering of 
heater potential or by increasing the bias on gi. 
Both of these also alter the cathode current. It is 
possible to predict the grid current for a specified 
combination of En\ and Eg\ with given Ep from a 
graph of grid current on the flat ix)rtion of the 
grid characteristic against cathode current. 

Grid current was a linear function of cathode 
current up to 600 microamp., a change in cathode 
current of 100 microamp. giving an increase in 
grid current of 6X10*‘* amp. 

An increase in plate potential produces an in¬ 
crease in slope of the line. This characteristic is 

Table I. 


Grid and plate characterlatica • 6BE;6 No. NtS 


Screen 

9J 

9.3 

9.3 

Voltp 

Plate 

9.3 

9.3 

9.3 

Volts 

Heater 

4 

4 

3 

Volts 

Control grid 

-2.7 

-2.2 

-2.4 

Volts 

Grid 

-0.2 

-0.4 

0 

Volts 

ip 

4.2 

3.4 

2.7 

na 

gpp 

6 

4.3 

2.6 

fia/Volt 


330 

300 

220 


ip 

16 

6 

S 

amp. 



Fig. 2. Plate and grid current characteristic.s for 6BE6 
No. Nl8—efTcct of grid fii. 

useful in selecting an operating point where the 
first grid is to be used for the application of nega¬ 
tive feedback in direct coupled amplifiers. Knowing 
the d.c. level of the feedback, one can choose the 
filament voltage within limits to give the required 
grid current. 

(c) Uniformity of Tubes 

Of the six type 6BE6 tested, none differed from 
the others by more than 10 percent in its plate 
characteristics. Of the six, two proved unsuitable 
for electrometer applications because of excessive 
grid current. Three of the tubes, including the two 
latter, also showed, under certain conditions, an 
increase in plate current when the potential on gi 
was increas^ from 0 to about O.IS volts negative. 
Beyond 0.15 volts the plate current again de¬ 
creased. Care must be exercised in using tubes with 
this characteristic to avoid positive feedback when 
negative feedback is intended. Table I summarizes 
the data for the 6BE6. 

The7A8 

The 7A8 tubes tested exhibited characteristics 
very different from tho^ of the 6BE6. Figure 3 
shows the plate current characteristics as a func¬ 
tion of Ef with 10.8 volts on plate and screen and 
gi 0 volts. These curves exhibit a marked plateau 
in the neighborhood of 2.8 volts where the plate 
current not only fails to increase with increasing Ef 
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Fir., 3. Plate current and floating grid potential for 
7A8 No. l^-effect of filament potential. 



CONTdQL CM VOLTS 

Fig. 4. Grid characteristics for 7A8 No. I—effect of 
filament potential with grid gi O. Volt. 

but may actually fall by a small amount. The ex¬ 
planation of this can be found in the onset of space- 
charge conditions at about 2.5 volts. This effect, 
which may for convenience be called the “plateau 
effect,*' lends itself to a useful application. One of 
the disadvantages of direct coupled amplifiers de¬ 
signed for long period operation is drift of the zero, 
caused mainly by falling filament potential in the 
first stage. Using the 7A8 as the first stage and 
operating it with E/ 2.8 volts this drift can be 
virtually eliminated. In an amplifier built to re¬ 
cord cosmic ray burst in an ionization chamber, the 
plate current in the final stage fell from 80 to 60 
microamp. when the filament supply to the first 
stage was changed by 0.5 volts. Using a 6BE6 in 
the same circuit, a change of about Q.I volts in E/ 
was sufficient to reduce the plate current in the 
final stage to zero. 

The usefulness of the plateau effect would be 
nullified if it were not postible to operate the tube 


on an appropriate portion of the grid current 
characteristic curv6, namely at a control grid po* 
tential more negative than that at which the grid 
floats. In Fig. 3 the broken curve indicates the 
floating potential of the grid. It will be noted that 
the control grid must be operated at negative po¬ 
tentials greater than 3 volts to satisfy this condi¬ 
tion, with consequent small values of plate current. 

Figure 4 shows the grid current characteristics 
for different values of £/ with 10.8 volts on plate 
and screen and 0 volts. It will be seen from this 
figure that in order to profit from the plateau effect 
it must be possible to tolerate a grid current of the 
order of 5 X10“** amp. 

EFFECT OF GRIDS 1 AND 2 (fft AND ^t) 

Much smaller values of grid current can be 
achieved by running gi at a negative potential. 
Increasing £»! at first causes an increase in plate 
current (up to about 0.5 volts) after which plate 
current again decreases. For £ai=“L0 volts, the 
plate current has fallen to the value it had at 
JEai*«0. At the same time the plateau effect be¬ 
comes progressively less pronounced and disappears 
entirely when is —0.5 volts. This corresponds 
with the plate current maximum. 

Plate and grid current characteristics are shown 
in Fig. 5 with £^ 1 « — 1 volt and £/ as a parameter. 
Plate and screen are at 10.8 volts. The linearity 
of the plate characteristics is interesting. Similar 
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curves were obtained for a plate and screen poten¬ 
tial of 9.3 volts. 

fs has a much smaller control over plate current 
than either gi or the control grid (a factor of 10 in 
the latter case) and does not give the increase in 
plate current produced by gi for small negative 
voltages. Negative feedback may therefore be con¬ 
veniently applied to ga at a d.c. level of up to 3 
or 4 volts negative. 

Table II summarizes the data for the 7A8. None 
of the tubes of this type tested differed by more 
than IS percent in either plate or grid characteris¬ 
tics. The smallest value of grid current obtained 
(not shown in the table) was 3 X10”*^^ amp. 

The corresponding values of the various elec¬ 
trode potentials were; 9.3 volts; Egu —1.0 

volts, Egr, 0 volts; £/, 3 volts; -'1.8 volts; 
1m«; ggpf 3Ata/vo!t; m. 180. 

EFFECT OF PLATE POTENTIAL ON GRID CURRENT 

For a given screen potential a change in plate 
potential had no significant effect on grid current 
except for potentials 5 or 6 volts greater, when the 
grid current begins to increase. At the same time 
the floating potential moves to less negative values. 
This effect has been described by Nielsen,^ 

DISCUSSION 

It is clear from the characteristics that the low 
plate current and mutual conductance make multi- 
grid ‘‘electrometers'* unsuitable for use directly 


Table II. 


Grid and plate characterietics 
7A8 No, I 


Screen 

10.8 

10.8 

10.8 

9.3 

9.3 

Voit 

Piste 

10.8 

10.8 

10.8 

9.3 

9.3 

Volt 

Heater 

2.8 

4 

2.5 

4 

4 

Volt 

Control grid 

-3.2 

“3.3 

“2.8 

“3.6 

-3.0 

Volt 

grid gt 

0 

“1.0 

“1.0 

0 

-1.0 

Volt 

grid gt 

0 

0 

0 

0 

0 

Volt 

ip 

2 

5 

2.1 

1 

2.3 

pa 

gpp 

4.4 

9.2 

2.9 

2 

7 

A*o /volt 

M 

260 

350 

200 

200 

300 


if 

30 

63 

7 

50 

13 

amp.Xl0“» 


with a current measuring instrument as the in¬ 
dicator unless it is of high sensitivity. If this type 
of recording is required, the tube may be used in 
a simple circuit such as that described by Roberts.^ 
An instrument similar to Roberts's and using the 
6BE6 was designed and has operated successfully 
over a period of several months as a sensitive 
millivoltmeter. 

Both the 6BE6 and 7A8 have operated success¬ 
fully as the input stage of a portable direct coupled 
amplifier used in this laboratory for recording cos¬ 
mic-ray ionization chamber bursts. The advantages 
of the 7A8 in minimizing drift have already been 
mentioned in this connection. 
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An ion source is described which utilizes a hot cathode as an electron source and an axial magnetic field 
for focusing. The electron beam is pulsed for 250 /isec.«60 times a second. Peak ion currents of 100 ma are 
readily obtainable. At a hydrogen pressure of 25 microns of Hg the proton content of the beam is between 
30 and 40 percent. Constructional details and operating conditions are given. 


I. INTRODUCTION 

T he ion source to be described was designed for 
use in a high-current resonant cavity proton 
accelerator.^ The accelerator, in the last stages of con¬ 
struction, is expected to yield a peak voltage of the 
order of 10* volts at a peak power of 10* watts for 
250 /isec. repeated 60 times a second. The accelerating 
distance is about 4 cm. Hence the focusing problem is 
not of great importance and high-density ion beams 
may be used. Many different types of ion sources have 
been described.^ It was felt that an ion source using a 
hot cathode and an axial magnetic field would supply 
the necessary ion current. Thus a source similar to one 
described by Finkelstein* was constructed and tested 
under pulsed operation. Peak positive ion currents from 
hydrogen gas of the order of 100 ma were readily 
obtained. 


n. GENERAL OPERATION 

A schematic diagram of the ion source is shown in 
Fig. 1, The electrodes are made of ^*y-inch copper sheet. 
The filament supports are J-inch copper rods hollowed 
for internal water cooling. These pass through glass 
sleeves in the end plate, and are waxed over to supply 
the vacuum joint. The ion source is mounted hori- 



Fio. 1. Schematic diagram of ion source. /: filament; gb: gas 
box; r; retarding electrode; ci collector; w: water cooling; 
i: insulators. 


•Assisted by the joint program of OKR and AEC. 

(19^^^* Shultz, and Montgomery, Phys, Rev. 73, 1253 

*For e^plc, S. K. Allison, Rev. Sd. Inst. 19, 291 (1948); 
R. N. H»IL Rev. Sd. iMt. W. ^ (1948). 

* A. T. riak etot e i n , Rev. Sd. Inet 11,94 (1940). 


, 2 ontally inside a three-inch copper tee, the lower 
opening of which leads to pressure gauges and a diffusion 
pump with a throat four inches in diameter. 

The filament and retarding electrode are at ground 
potential and the gas box is at a positive potential. 
Electrons emitted by the filament are accelerated 
toward and pass through the gas box, are then stopped 
by the retarding pcttential and return to the filament if 
they have made no inelastic collisions. The electron 
beam is focused by an axial magnetic field produced by 
two air-core coils mounted on the outside of the copper 
tee. The coils are similar to those described by Finkel- 
stein. In the region of the gas box the electrons bombard 
hydrogen gas and produce ions which may diffuse out 
of the field-free region and be accelerated toward either 
the filament or the collector. The positive-ion space 
charge is neutralized by the focused electron beam and 
the beam is well collimated. 

Since about half the positive ions formed bombard the 
filament, it was felt that a pure metal emitter would 
have a longer life than an oxide-coated one. Accordingly, 
the filaments were made of 1-mil tantalum foil of iXi 
inch area. The foil was crimped by means of a rack and 
pinion and then made circular so as to be out of the 
direct path of the positive-ion beam. More efficient 
filament structures could undoubtedly be designed. 
Tantalum was used because it is easier to work cold 
than tungsten, and has a higher electron emission at 
ordinary filament temperatures. 

It seemed advisable for several reasons to pulse the 
ion beam. First, under pulsed operation the filament 



Fig. 2. loto source power supply. L: 160 Mh; C: 10 td: Ii: 0.S h; 
r,: 87T; F*: SrIgY; rrr&Ls545(G^*a+: ‘ 
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life is longer, due to the smaller average positive-ion 
bombarding current. At high average currents the 
filament heats up from positive ion bombardment. At 
low currents the operation of the source is satisfactory.^ 
Second, the volume of gas associated with a neutralized 
positive-ion beam of 100 ma is very large. In the present 
source, a mass-spectrographic analysis (see below) indi¬ 
cates that the ions 112 *^ and are about equally 
abundant. This implies that a 100-ma beam is equiva¬ 
lent to about 3500 liters/sec. of H? at a pressure of 
10~® mm Hg. This figure takes no account of ordinary 
diffusion from the ion source into the accelerator. Such 
pumping speeds are prohibitive in a relatively small 
instrument. Pulsing the ion beam, however, can reduce 
the average gas flow to amounts which can be handled 
without too much difficulty. 

The ion source is pulsed by discharging an artificial 
transmission line through a resistance connected be¬ 
tween the gas box and ground. The pulse length is 
250 Msec, and the repetition rate is 60 sec. A circuit 
diagram is shown in Fig. 2. The imfiedance of the ion 
source varies from several hundred ohms at low currents 
to a few ohms at ion currents of the order of one ampere. 
To ensure a satisfactory match with the transmission 
line over this wide range of currents, the line had an 
impedance of 4 ohms and the resistance in parallel 
with the source was 5 ohms. 


Table I. Typical operating values.* 


Peak voltage 
(volU) 

Peak electron 
emisaion (amp.) 

Peak collector 
current (ma) 

65 

0.90 

20 

74 

0.9S 

21 

95 

1.1 

24 

105 

2,1 

52 

120 

3.5 

180 

165 

7,7 

380 

200 

38 

850 


•PreMurc: 25 microns; magnetic-field: 600 gauss; filament power; 200 
watts; gas: Ht, 


Table n. Percentage ion content of positive-ion beam.* 


Preature 

(mlcrona) 

Peak voltage 
(volte) 




27 

110 

36 

38 

26 

27 

180 

43 

30 

27 

19 

180 

31 

47 

23 


* Filament current adiusted tn give peak ion current of 30 ma. 


m. OPBRATIITG CHARACIXaiSTICS 

About one-half of the positive-ion beam passes 
through the retarding electrode and is picked up by the 
collector. By making the collector positive with respect 
to the retarding electrode, it is possible to estimate the 
number of secondary electrons measured as positive-ion 


*F. Oppenheimer and A. Hudgini, MDDC-782 (Dedauified 
Manih wr»47). 
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Fig. 3. Relative positive-ion current versus the square of the 
current through the deflecting magnet at a pressure of 27 tnicrons. 
The solid curve corresponds to a peak voltage of 110 volts; the 
broken pne to 180 volts. 

current. The secondary electron current is less than 10 
percent of the collector current. 

The magnitude of the axial magnetic field does not 
seem important, although its alignment is rather critical. 
Variation of the field between 350 and 1000 gauss 
changes the positive-ion yield by about 50 percent. 

The best operating pressure seems to be about 25 
microns of Hg. The source will function steadily down to 
pressures of 15 microns, but below this the operation 
becomes erratic. These pressures were estimated from 
the pressure outside the source (see Fig. 1), the known 
rate of diffusion out of the source (about 20 //sec.) and 
the measured speed of the oil diffusion pump (about 
50 //sec.). The pressures outside the source were two 
to four times lower than the pressures inside. This low 
pressure differential was due to the low speed of the oil 
diffusion pump at high fore-pressures. 

In Table I are given typical operating values, 

A mass spectrographic analysis of the ion beam was 
carried out. Since the diffusion pump used in this work 
was unable to maintain an adequate pressure differ¬ 
ential between the gas box and external regions, the 
hole in the retarding electrode was decreased to ^inch 
diameter. This allowed a pressure of about 0,1 micron 
to be maintained in the mass spectrograph. Under these 
conditions the gas flow was 100 cmVhr. The collector 
was removed and a circular electrode with a |-inch hole 
put in its place. This electrode was kept about 5000 
volts negative. The ions were deflected by a magnetic 
field, travelled about 25 cm and were received by a small 
collector connected to the vertical plates of an oscillo¬ 
scope. The deflection of the beam was about 4 cm. With 
the above geometry, the ion mass-number is propor¬ 
tional to the square of the magnetic field strength. 

Figure 3 shows the relative positive-ion current as a 
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function of the square of the deflecting magnetic field. 
Obviously no attempt was made to focus the positive- 
ion beam. The areas under these curves represent the 
relative abundance of the ions. Table II shows the 
relative abundance under various conditions. 

IV. CONCLUSION 

The ion source described above is very stable under 
pulsed operation and can yield positive-ion currents as 
high as one ampere. At these high currents the filament 
lifetime is of the order of 10 minutes, whereas at ion 
currents of 100 ma it is at least several hours. Many 
improvements in design are possible. First among these 
is a more homogeneous magnetic field and electrodes 


shaped so as to produce focusing. The use of oxygen- 
free hydrogen gas might increase the filament life. The 
gas consumption, as would be expected, is very high, 
amounting to about 3 Uters/hr. with a i-inch exit hole. 
This of course raises the problem of maintaining a 
pressure differential between the ion source and an 
accelerator. Solution of this difficulty requires the use 
of a high-speed differential pumping system. It may be 
necessary also to pulse the gas flow. The operational 
characteristics of the ion source using helium or argon 
are approximately the same as for hydrogen. 

The author wishes to express Ids thanks to Dr. 

'Robert Spence for his assistance in the later phases of 
this work. 
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A Scintillation Counter for Laboratory Counting of Alpha-Particles 

J. D. Graves and J. P. Dvson 
Naval Radiologic^ Defense Laboraiory, San Francisco 24, California 
(Received March 1, 1949) 

A simple, reliable, wide range alpha-counter has been developed which is suitable for the routine counting 
accompanying radiochemical laboratory analysis. This instrument utilises the alpha-scintillation process 
in conjunction with a photomultiplier tube and a commercial Geiger tube power supply, amplifier, and 
scaler. Desirable features include low cost, ease of construction, ruggedness, and long life. Tests performed 
on the completed counter assembly indicated the following operating characteristics: a counting efficiency of 
100 percent for 4-5 Mev alpha-particles; a resolving time limited by the electronic circuits (photomultiplier 
pulses have a rise time of about 0.5 microsecond); a counting rate unaffected by vanations in temperature, 
humidity, or pressure; a background below 10 counts per hour. The chief undesirable feature is the small 
field of view for high sensitivity. Samples to be counted must be small, about J in.Xi in. maximum, and 
must be confined to a known region on the sample holder. 


INTRODUCTION 


A n instrument for the routine measurement of alpha- 
particle activities is required for radiochemical 
analysis in the laboratory. Performance difficulties have 
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been encountered with existing devices for this purpose: 
parallel-plate ionization chambers, gas-flow proportional 
counters, and thin-window Geiger tubes. The appear¬ 
ance of the early reports on scintillation counters*** 
seemed to offer a new approach to the problem and led 
u.9 to attempt the development of a simple, practical 
scintillation counting device for the systematic de¬ 
termination of alpha-activities. 

To develop this method of detection into a reliable, 
practical instrument for routine laboratory counting, 
the following features were examined: electronic cir¬ 
cuits, photo-tube, sensitive screen. 

THE DEVELOPMENT 

The Electronic Circuits 

The.i^uirements placed on the electronic circuits 
were primarily that they be adequate to insure proper 
(^ration of the device and secondarily that they be 
simple and preferably utilize arrangements already in^ 


Fio. 1. Photomultiplier tube circuit used with a 
positive power supply. 


- iuicrr, JRCV. oci. IIWI. 10, /O/ ^¥4/;. 

* Pi^Hugh MarshaU and J. W. Cdtmam photo-nmltbllier 

radiation detector,'" Phyi. Rev 72. SJfiA (iWT). 
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corporated in existing equipment. Tracerlab* ‘‘Auto¬ 
scalers*’ proved adequate for the high voltage supply, 
discriminator and scaling unit. 

Circuits for the photomultiplier tube are shown in 
Figs. 1 and 2. In each case terminal number 11 is the 
photosensitive cathode; terminals 1 through 9 are the 
dynodes; and terminal number 10 is the anode. The 
voltage dropping resistors between the electrodes are 
equal and have a value from 1 to 10 megohms, depend¬ 
ing on the current available. The anode is isolated from 
the other electrodes to eliminate pick-up and to prevent 
pulses from being transmitted to the anode through the 
circuit. 

With a positive power supply available, the output 
of the photomultiplier tube is connected directly to the 
grid of the cathode follower in order to isolate the anode. 

In the event that a scaling unit which does not include 
a built-in power supply is used, a negative power 
supply (Fig. 2) is satisfactory and utilizes a simpler 
circuit. 

Work done with auxiliary amplifiers, discriminators, 
and filters has established the fact that they do not add 
to the efficiency of the counter as here employed for 
counting the alpha-activity of radioactive samples. It 
is true, however, that the limit of fast counting, or the 
resolving time of the assembly, is set by the amplifier- 
scaler, not by the photomultiplier tube or phosphor. 

Photomultiplier Tube 

The characteristics required of photomultiplier tubes 
for scintillation counting were known from previous 
work to be found in selected models of the RCA 
Type 931A. Since it is one of the least expensive photo¬ 
multiplier tubes and is readily available, the 931A was 
chosen as a basis for design of a laboratory alpha- 
counter. 

When voltage is applied to a photomultiplier, there 
exists in the anode output a dark current caused by 
the thermal emission of electrons from the surfaces 
within the tube. This dark current consists of pulses of 
about 0.1-microsecond duration and maximum ampli¬ 
tude of the order of 1 volt at room temperature with a 
tube voltage of 1 kilovolt. These dark current pulses 
must be discriminated against or they will be indis¬ 
tinguishable from the signal pulses to the scaling unit 
or counter at the anode output. The discriminator of 
the Autoscaler was found to be in the correct range for 
eliminating dark current at room temperature. The 
amplitude of the dark current pulses can be reduced to 
less than 0.01 of their amplitude at room temperature 
by cooling the tube to — 196®C. 

If the cathode of the tube is exposed to identical 
pulses of light of sufficient intensity to release electrons 
fr<M!i the photosensitive surface but not to cause satura¬ 
tion, the pulses observed at the anode will not be 
identical. This is caused by the statistical dispersion of 
.. '' 

; Street, Boston 10, Maas. 



Fig. 2. Photomultiplier tube circuit used with a 
negative power supply. 


the directions and numbers of secondary electrons 
emitted by the impact of each primary electron on the 
electron surfaces,**^ The anode pulse amplitude distri¬ 
bution extends from some minimum amplitude to a 
maximum amplitude which is a function of the intensity 
of the light pulses and the voltage on the tube. As men¬ 
tioned previously, discrimination must take place lo 
eliminate the dark current pulses. This necessarily 
results in the loss of those signal pulses lying below the 
level of discrimination. Fortunately, with the high 
efficiency phosphor used for alpha-particle detection, 
the resulting loss of detection efficiency was only of the 
order of a few percent. 

Because a signal pulse height distribution exists and 
discrimination takes place at a fixed level, a variation 
in counting rate with applied voltage will occur. It is, 
therefore, necessary to determine the most efficient 
operating voltage and the voltage regulation needed to 
insure counting accuracy. Figure 3 is a graph of the 
counting rate versus applied voltage for two thicknesses 
of phosphor screen. A S-Mev monoenergetic alpha- 
source was used 2 mm from the phosphor screen. In the 
case of the lighter screen the countmg rate increases 
with applied voltage until all the pulses are above the 
fixed discriminator level. Thereafter the countmg rate 
remains constant. There is a combination of fixed dis¬ 
criminator level and light signal input (screen thickness) 
which 3 rields a flat counting rate. For such a combina¬ 
tion, the requirements on voltage setting and regulation 
within the flat portion are very slight. In the case of 
the heavier screen, however, the counting rate will rise 
until the limit of the curve—the counting of the dark 

♦Zworykin. Morton, and Malter, Proc. I. R. E. 24, 351 (1936). 

* W. Shocktey and jf. R,. Ktrce, Froc. I, R. E. 26 321 (1938). 
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TOWL TUBE VOLTAGE C^OLTS D.C) 

Fig. 3. Counting rate of the alpha-scintillation counter as a 
function of the photomultiplier tube voltage for two fluorescent 
screen thicknesses. 

current pulses—is reached. For such conditions, a 0.10- 
0,15 percent increase in counting rate per volt is ob¬ 
served. The curves of Fig. 3 were essentially the same 
for fifteen tubes tested with the exception that each 
entire curve shifts its position along the voltage axis 
for different tubes. 

The area of light-emitting surface which may be 
detected efficiently by a 931A has been determined by 
measuring its field of view.' To perform this measure¬ 
ment, a small light source consisting of a fluorescent 
screen bombarded by a small alpha-source was moved 
across the outside of the tube envelope as close as 
possible to the photosensitive cathode. An area of 
approximately J in.Xi in. was observed to have a flat 
response of maximum sensitivity. An , attempt to in¬ 
crease the area of this flat response by removing the 
source of light one inch from the tube envelope proved 
somewhat successful but reduced by a factor of 10 the 
light available to the cathode per scintillation. This 
small field of view places stringent restrictions on the 
size of the alpha-source which may be efficiently counted 
and also on the positions possible for both the fluores¬ 
cent screen and the alpha-source. 

Although the maximum rated output of the tube is 
1.0 milliampere, for efficient counting the maximum 
allowable output current was found to be of the order 
of 1 microampere. Above this current value the tube 
begins to fatigue appreciably,’ resulting in a decreased 
sensitivity for the tube. With a continuous output 
current above 1 microampere, the fatigue effect is 


G. Kestler and R, A. Wolfe, J. Opt. Soc. Am. 37,1M3-14- 
’ Manhall, Coltman, and Hunter, Rev. Sd. Inst. 18,3M (1947) 


Fig. 4. Counting rate of the alpha-scintillation counter as a 
function of the fluorescent screen temperature for four fluorescent 
screen thicknesses. 

characterized by an initial rapid decrease in sensitivity, 
followed by a gradual lessening in the rate of decrease, 
until after a few hours a very slight constant rate of 
decrease in sensitivity is reached. For a 3 microampere 
output the sensitivity Is reduced about 12 percent after 
a period of 2 hours, whereas for an output of 23 micro¬ 
amperes the sensitivity decreases about 75 percent after 
5 hours. The sensitivity of the tube will recover to its 
original value if it is not used for a period of several 
days after fatigue has taken place. After recovery, upon 
refatigue, there is no assurance that the sensitivity will 
decrease in the same pattern as before. Because of this 
uncertain efficiency of detection, the high counting 
rates corresponding to currents above 1 microampere 
are difficult to interpret into absolute terms (such as 
disintegrations per second from the source). Great care 
must therefore be taken in using the tube above 1-micro¬ 
ampere output. 

To determine the types of housing necessary for the 
931A for use in the alpha-scintillation counter, the 
effects of electrical pick-up, mechanical shock, and 
exposure to external light while in the process of count¬ 
ing were examined. The tube was found to be very 
sensitive to electrical pick-up, which appeared as 
spurious counts recorded by the scaler. Complete metal 
shielding of the tube, tube circuits, and high voltage 
leads was necessary to eliminate the effects of pick-up. 
Any exterior light entering the tube while in operation 
appeared as an increase in the dark current level re¬ 
sulting in a decrease in the detection efficiency of the 
tube. It was necessary to completely shield the tube 
against any exterior light to eliminate this effect. The 
931A is fairly ncm-microphohic and, enclosed in a 
housing as required for etectrical ahd shieldin|» 
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was not affected by tapping with a hammer or dropping 
from a height of a few inches. 

Luminescent Screen 

The first requirement of a luminescent material to be 
used in an alpha-scintillation counter is that upon 
bombardment by alpha-particles it produce scintilla¬ 
tions which will appear at the anode of the photo¬ 
multiplier tube (931A) as current pulses individually 
distinguishable by the counting circuit. On recom¬ 
mendation of manufacturers, several zinc sulfide phos¬ 
phors were obtained and tested. Of these, Patterson D, 
a silver-activated zinc sulfide phosphor, fulfilled this 
first requirement most satisfactorily. In order to deter¬ 
mine its characteristics and limitations, this phosphor 
was investigated in detail. 

To obtain comparable results in the investigation of 
phosphors, a counter was built using interchangeable 
phosphor screens. The phosphor was mounted on micro¬ 
scope cover slips 22 mmX22 mm. The cover slips were 
cleaned by immersion in ethyl alcohol for 10 minutes, 
dried, and weighed to 0.1 mg. They were then placed 
in a small beaker with a few milliliters of amyl acetate 
and the desired amount of phosphor evenly distributed 
over the surface of the cover slip by gently bubbling air 
through the solution. The amyl acetate was removed 
and the phosphor dried. The phosphor was fixed to the 
surface of the glass by dropping controlled amounts of 
Duco All Purpose Fixative (1:30 in acetone) upon it, 
0.1 mg/cm* of this binder being effective in securing the 
phosphor to the glass. The screen was dried, weighed, 
and the amount of phosphor per unit area calculated. 
Such screens were found to be generally uniform and 
resistant to abrasion and shock. 

With the various standard phosphor screens avail¬ 
able, it was possible to perform preliminary experiments 
which revealed a marked dependence on temperature 
in the counting rate of the scintillation counter. From 
a practical standpoint it is desirable to know the tem¬ 
perature of maximum efficiency and the temperature 
regulation which must be maintained for a given count¬ 
ing accuracy at any desired temperature. This informa¬ 
tion was obtained by measuring the counting rate with 
fixed discriminator of a scintillation counter using 
various screen thicknesses as the temperature of the 
phosphor was varied between — 196®C and 50®C (Fig. 4). 
The percentage change in counting rate with a given 
change in temperature is observed to be less for de¬ 
creasing weight per unit area of phosphors. In the case 
of the 18 mg/cm* screen, the long ^t portion of the 
curve (Fig. 4) extending through room temperature is 
further evidence that all of the scintillations are of 
suflSicient intensity to cause current pulses above the 
discrimination level throughout this re^on of tempera¬ 
tures. For these temperature measurements a special 
container (Fig. 5) was emjdoyed within which the 
5^Mev<*a|||pha*6ource, phosphor screen, and |diotomulti- 


plier tube were contained. The temperature variations 
were achieved by an initial cooling followed by warming 
to room temperature and finally by heating in an oven. 
The special container was first immersed in a vacuum 
flask of liquid nitrogen. After temperature equilibrium 
was reached, the bath was discarded and the container 
placed within a non-operating oven where it was allowed 
to warm up slowly. Near room temperature the oven 
was employed to obtain further increases in tempera¬ 
ture. The method was dynamic and, accordingly, the 
results are only approximate. 

Effectively all of the temperature dependent varia¬ 
tions in the counting rate of the alpha-scintillation 
counter are attributable to the phosphor. Tests without 
the phosphor showed that the photomultiplier ampli¬ 
fication itself is relatively temperature insensitive. 
A blackened neon bulb was used in place of the scintil¬ 
lating phosphor and the photomultiplier showed no 
appreciable output variations with changing tempera¬ 
ture. The neon bulb was of an intensity such as to 
cause a distribution of pulse heights in the output. For 
120 pulses per second, about 90 were of a level to be 
passed by the discriminator and counted. 

Randall® has found that with ultraviolet excitation 
many phosphors, including the activated zinc sulfides, 
exhibit intensities which are dependent upon tempera¬ 
ture. The method employed here gives the number of 
pulses per second occurring above a fixed discriminator 
level which effectively is a measure of the variation in 
pulse height distribution and is independent of the total 
energy per pulse. In the method employed by Randall, 



Flo. S. CrosMectional view of the af^aratus used in the deter- 
minaUon of the effect of reduced and elevated temperatures on 
the photomultiplier tube and fluorescent screen. 


» J. T. RandaU, Proc. Ph^rs. Soc. London 49,46-56 (1937), 
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the total energy output is measured. It is interesting to 
note that the variation in total energy output with 
temperature follows a curve similar to the variation in 
the pulse height distribution with temperature. This 
indicates that a change in efficiency occurs, and the 
change is characterized primarily by a change in ampli« 
tude or intensity of the light emitted rather than by 
any appreciable change in duration. 

At any constant temperature, the intensity of the 
light incident upon the cathode of the photomultiplier 
tube may be expected to vary with the phosphor thick¬ 
ness due to the absorption and scattering of light pro¬ 
duced within the phosphor and due to the relative 
fraction of the alpha-particle range absorbed therein. 
To determine maximum efficiency, it is therefore neces¬ 
sary to know the optimum thickness or weight per 
unit area at which this incident light is maximum. 
Figure 6 shows the effect of phosphor thickness on the 
counting rate using a constant 5-Mev alpha-source. It 
may be seen that the counting rate increases with de¬ 
creasing weight until a weight of 25 mg/cm^ is reached, 
whereupon the counting rate remains constant with a 
further decrease in phosphor weight. At about 8 mg/cm^ 
the counting rate begins to decrease with further de¬ 
crease in phosphor weight. This constant counting rate 
for a 200 percent increase in phosphor weight is de¬ 
sirable from the standpoint of screen construction in 
that it allows variations of phosphor thickness and 
distribution. Measurement of maximum pulse height 
throughout this flat portion showed a maximum at a 
phosphor weight of about 9 mg/cm*, which is very 
nearly the range of the alpha-particle. It is evident 
that the reduction of light at the cathode is affected 
much less by absorption and scattering within the 
phosphor than by reduction of light produced within 
the phosphor. The constant counting rate between 



Fio. 6. Counting rate of the alpha-ecintilUtion counter as a 
function of the fluorescent screen thickness. 5-Mev alpha-particles 
were used. 


8 mg/cm’ and 25 mg/cm* indicates that essentially all 
of the signal pulses at the anode of the photomultiplier 
occur above the discrimination level. 

The maximum signal pulse height to dark current 
ratio for this 9 mg/cm* weight of phosphor was 18 to 1 
with both tube and phosphor at room temperature. 
The ratio could be increas^ by better choice of tubes 
and by operation at a lower tube voltage. However, 
this ratio was more than sufficient to produce 100 
percent counting efficiency. 

The resolution possible due to the phosphor will be 
determined by the change in intensity of the light pulse 
with respect to time. The electrical pulse dimensions are 
determined primarily by the emission from the phosphor 
and the time constant of the associated circuit. These 
pulses are observed to be about 10 microseconds in 
duration with a rise time of about ^ microsecond. 
Using 5-Mev alpha-particles, the resolving time of the 
scintillation counter, exclusive of the counting circuit, 
approached J microsecond. This, however, is much less 
than the resolving time of our scaling unit and counters. 

Complete shielding of the phosphor from light is 
necessary both before and during the period it is to be 
used as an alpha-scintillator. Exposure of the phosphor 
to daylight results not only in partial transmission of 
the light but also excitation of the phosphor, causing 
luminescence. Upon removal from the light the phos¬ 
phorescence from the phosphor is detected by the 
photomultiplier and counting circuit for a period of 
several minutes. This is observed in the output of the 
photomultiplier as a general increase in the dark current 
level. 

COUNTER ASSEMBLY 

An exploded view of the complete alpha-scintillation 
counter based on the above developments is shown in 
Fig. 7. To facilitate complete interchangeability be¬ 
tween the photomultiplier tube and phosphor screen, 
the phosphor was deposited on flat square microscope 
cover slips. This method also provided optimum count¬ 
ing geometry for the flat alpha-sources used. As was 
shown previously, these phosphor screens could vaiy in 
weight from 8 mg/cm* to about 25 mg/cm® with a 
constant counting efficiency for 5-Mev alpha-particlcs. 
A value of 16 mg/cm* was used in order to cover a 
large range of alpli-cnergies on either side of 5 Mev. 

Due to the restricted field of view of the photo¬ 
multiplier tube, it was important to maintain the 
phosphor screen in a fixed position with respect to 
the tube. This was accomplished by use of the screen 
holder shown in Fig. 7. A slot is provided to hold the 
screen. This holder clamps to the envelope of the tube 
and may be rotated until the screen is at an optimum 
position* 

The tube, tube circuit, and phosphor screen are con* 
tamed in a light-tig^t metal box. In order to maintain 
comi^te darkness within tbs box while ah3ha^*sam|4Mi 
are bebg diuged, a recessed tray whid^ slides 
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the phosphor screen on light-tight tracks is provided to 
hold the alpha-sample. Stops are provided to assure 
correct positioning of the alpha-sample with respect to 
the phosphor. 

The high voltage input and signal output leads are 
brought out of the counter housing through low-loss 
connectors. From there these leads continue to the 
cathode follower of the Autoscaler as shielded low loss 
coaxial cable. 

THE COUNTER PERFORMANCE 

For a S-Mev alpha-source of about 100 disintegrations 
per second the counter exhibited a "geometry” of about 
40 percent. The alpha-source wa^ ^ in. in diameter and 
was deposited on a platinum disk. Negligible self¬ 
absorption was present in the source. This “geometry” 
includes not only the solid angle subtended but all 
other factors such as the eflSdency of the counter and 
back scattering. Considering the solid angle subtended 
by that portion of the phosphor screen which is usable 
due to the field of view of the photomultiplier, the 
eflSciency of the counter is essentially 100 percent. 

To check reproducibility, a continuous series of 
counts was made at room temperature for a period of 
four days with the alpha-source mentioned above. The 
results of this run were analyzed statistically, and the 
data were found to be consistent. No tube fatigue was 
noticed and the temperature effect was negligible. The 
tube was operated at 1000 volts total applied voltage 
and the temperature variation was about 15 degrees, 
from 6S°F to 80°F. 

The natural alpha-background of the scintillation 
counter proved to be so slight that it was unmeasurable 
to any degree of accuracy. Operation of the counter 
with the phosphor screen removed resulted in the 
counting circuit recording 150 counts over a 16-hour 
period. These counts were primarily due to the cosmic- 
ray and laboratory gamma-ray ba^ground and to the 
few very high dark current pulses which occur. Opera¬ 
tion of the counter with the phosphor screen in place 
resulted in 156 counts in a 16-hour period. The total 
background could be reduced to less than one count 
per 16 hours by reducing the alpha-efficiency of the 
counter to 30 percent. In contrast to gas-type alpha- 
counters, the scintillation counter has a very small 
sensitive volume—the volume of the phosphor—which 
may be removed from all surfaces, except its own back¬ 
ing, a distance greater than the alpha-particle range. 
As a result, the alpha-background may be expected to 
be very low. Unfortunately, however, the photomulti¬ 
plier tube is slightly sensitive to other more penetrating 
radiations and for this reason the small but definite 
background indicated above is observed. At maximum. 



Fig. 7. Alpha-icintiUatkin counter assembly. 


the detection efficiency for these normal background 
radiations is only about 10~* percent. 

The cotmter was found to be insensitive to applied 
tube voltage over the range from 950 volts to 1100 volts 
as indicated in Fig. 4. Striking the counter sharply 
with a metal bar produced no spurious counts, misali^- 
ment of counter elements, or injury of any kind to 
the counter. 

CONCLUSIONS 

The development of a scintillation counter for routine 
laboratory counting of alpha-particles has been de¬ 
scribed. The counter has many desirable features in¬ 
cluding: 

(1) low cost, 

(2) ease of construction, 

(3) operation by standard Geiger tube electronic 

equipment, 

(4) repr^ucibility, 

(5) very long life, 

(6) insensitivity to room temperature, humidity, or 

pressure variations, 

(7) freedom from microphonic effects, 

(8) ruggedncss—no thin windows, 

(9) very low background—normally below 10 counts 

per hour, 

(10) approximately 100 percent counting efficiency 

for 4-5-Mev alpha-particles, and 

(11) very short resolving time, of the order of 0.5 

microsecond. 

The chief undesirable feature is the small field of view 
for high sensitivity. Samples to be counted must be 
small, about } in.Xi i°- maximum (preferably smaller} 
and must be confined to a known region on the samjde 
plate. 

The properties of the alpha-scintillation counter are 
such as to make it a valuable instrument for the radio¬ 
chemical laboratory. 
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An Improved S]mchronous Detector*^ 

Walter C. Michels and Esther D. Redoino 
Bryn Mawr Collegey Bryn Mawr^ Pennsylvania 
(Received March 9, 1949) 

The s 3 mchronous amplifier design of Michels and Curtis has been modified to minimise feedback and so to 
allow preamplification and high sensitivity. The resulting instrument has a voltage sensitivity of 2X10* 
mm/volt wii an inductive input impedance of 2X10* ohms. The frequency selectivity is sufficiently sharp 
so that the band width is of the order of 0.2S c.p.3. at 800 c.p.s. Advantages and disadvantages of the syn¬ 
chronous detector are discussed. 


INTRODUCTION 

V ARIOUS forms of synchronous detectors* have been 
described in the literature. Instruments of this 
type possess the common characteristic that they 
measure an alternating current signal by producing a 
beat note between this signal and a controlling alter¬ 
nating voltage of the same frequency and by applying 
this beat note to a deflection instrument which shows a 
maximum response at zero frequency. The interaction 
of the measured and controlling signals may be mag¬ 
netic, in which case the two voltages are applied 
separately 'to the coils of an electrodynamometer 
galvanometer^* or it may be electrostatic, in which 
case the voltages are applied respectively to corre¬ 
sponding elements of the two tubes of a balanced 
vacuum tube circuit.^ * 



Fig. 1. Wiring diagram. Ri««40 ohms; Rj*»2000 ohms; 10* 
ohms; ohms; Rt** 10* ohms; Rg* W ohms; Cj“0.25 a*/; 

C8<» 12 mI; and T* arc 500,000-ohm: SOO-ohm transformers; 

and Ht are vacuum thermocouples with 750-ohm heaters and 
6-ohm couples; the screen supplies for all tubes and the plate 
supply for El and Et are 90 volts; the plate supply for Ep is 300 
volts; all other circuit constants are discussed in the<cxt. 

* A preliminary report on this instrument was presented to the 
Pasadena meeting of the Pacific Coast Section of the American 
Physical Society m June 1948. 

term **lock-in amplifier/* used previously by one of us, 
has been abandoned in favor of the present, more descriptive 
name for this type of instrument. 

* Frank A. Laws, Electrical Measurements (McGraw-Hill Book 
Company, Inc., New York, 1938), second edition, p. 463. 

Walter C. Michels, Advanced Mecirical Measurements (D, Van 
New York, 1941), secwid edition, pp. 

1 Undon 46, 818 (1934). 

Asl ^ Curtis, Rev. Sd, Inst. 12, 

444 (1941), This reference will bereafto: be referred to as M-C. 


Synchronous detectors have certain distinct ad¬ 
vantages over competing devices: 

(1) The frequency selectivity is high and controllable, 
since it depends almost entirely on the period of 
the final deflection instrument. 

(2) The detector is intrinsically phase selective. 

(3) If the signal hnd the controlling voltage are sup¬ 
plied from the same source (or synchronized 
sources), the sensitivity is nearly independent of 
frequency variations in the source. 

(4) The response to harmonic frequencies can be 
reduced to a very low level if the controlling 
voltage has good wave form. 

In spite of these advantages, the synchronous detector 
has found only limited application. The most serious 
detriment to its wide use results from the fact that 
feedback is difficult to eliminate in any instrument to 
which there is supplied power of large magnitude com¬ 
pared with the signal, at the same frequency as that of 
the signal. Even small amounts of fe^back may pro¬ 
duce serious nonlinearities in the response of a syn¬ 
chronous detector of high sensitivity. Difficulties due 
to this cause limited the voltage sensitivity of the 
instrument reported in M-C to about 10* mm/volt 
and the input impedance to 10^ ohms. 

DESIGN OF THE DETECTOR 

Some photoelectric work now in progress in this 
laboratory demands an instrument of high frequency 
selectivity and with a sensitivity of the order of 10** 
mm/amp at frequencies of about 1(X)0 c,p.s. The in¬ 
strument to be described meets this requirement, A 
schematic diagram of the device is shown in Fig, 1. 
The synchronous detector proper, which utilizes the 
identical pentodes Ei and £2 (1£4), differs from the 
design described in M-C in only two important re¬ 
spects. The phase shifting network (R^, Ri, C|, C 4 ) has 
li^n inserted in the controlling voltage supply to the 
screens of the tubes, rather than between the signal 
source and the grids. The older arrangement resulted 
in a variable input impedance, while the present circuit 
takes advantage of the fact that the screen supply may 
be from a low impedance source. With Rs and £4 ad¬ 
justable from 0-5000 ohms and C» and Ci having CBftnd- 
tances of 0.05 the impedance of the phase 6hl{ter 
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at 800 c.p.8. varies between the limits 2000 ohms and 
3000 ohms, so that a negligible load is placed on a 
transformer or alternator of less than ICO ohms im¬ 
pedance. The transformer has primary and secondary 
impedances of 180,000 and 20,000 ohms respectively, 
so that it, in turn, imposes only light loading on the 
phase shifter. 

The second change is in the arrangement of the trans¬ 
formers T\ and which couple the tubes to the vacuum 
thermocouples H\ and These transformers have a 
50,000-ohm: 500-ohm ratio. The large direct compo¬ 
nents of the plate currents (about 2 ma) are sufficient 
to saturate the cores of commercially available trans¬ 
formers of high impedance and to cause resultant dis¬ 
tortion. To avoid saturation, the arrangement shown 
in the figure was adopted. The separate plate currents 
from the two tubes pass through one-half of the turns 
of each transformer primary, while half of the com¬ 
bined plate currents pass through the second half of 
the turns in the opposite sense to the currents in the 
first half. As is shown by Eq. (1) of M-C, the alternating 
components of the two plate currents are opposite 
in phase, so that the second half of each transformer 
winding carries only direct current. This current, as¬ 
suming perfect balance of the two tubes, is identical 
with the direct current component in the first half. 
The condenser Ci, of one /nf capacitance, bypasses any 
small alternating currents which may result from 
unbalance. 

In the work for which this detector is designed, the 
small alternating signal to be measured is superimposed 
on a direct current signal of considerably greater mag¬ 
nitude. This fact and the high impedance of the signal 
source dictate an inductive input impedance. The best 
available choke for the purpose was one with an in¬ 
ductance of 700 H and a resistance of 6000 ohms 
(Thordardsen r-37C36). Because the impedance of 
this choke is only of the order of two megohms at the 
operating frequency, a voltage sensitivity of about 
10* mm/v is required. This, in turn, demands pre¬ 
amplification. The preamplifier tube Ep is a 1L4, 
operated at a plate potential of 90 v and a grid bias 
of —3 V feedback to the input circuit is minimized in 
several ways: 

(1) The batteries supplying the plate and screen 
voltages of the preamplifier are distinct from 
those supplying potentials to the detector stage. 

(2) The transformer Tt is shielded from the pre¬ 
amplifier by soft iron. 

(3) The input choke L is mounted in a 6-mm thick 
iron case and is connected to the grid of the 
preamplifier by coaxial cable. 

In q>ite of these precautions, a small amount of feed¬ 
back was originally encountered. This feedback was 
quite rqiroducable, and was traced to magnetic coup- 
U was satisfactorily eliminated by inserting the 
Lit consisting of four turns of about 1.5 cm 



Fio. 2. Frequency selectivity curve. Fg is the frequency of the 
controlling voltage applied to the screens of E\ and £i, F<j is the 
frequency of the signal voltage applied to the grid of Ep. The 
amplitudes of both voltages were held constant for all readings. 

diameter, in the input circuit. This coil is mounted near 
the transformers Ti and T* in such a way that it can 
rotate about an axis perpendicular to itself. With the 
grid of the preamplifier grounded, it is easy to hnd a 
position of the coil which results in zero output of the 
detector. After the coil has been locked into this 
position, the sensitivity of the instrument is constant 
and the linearity good to better than one percent. 

The variable biasmg resistor Rj and the milliameter 
MA are used to maintain steady operating conditions 
regardless of the direct current component of the input. 
The direct component of the plate current of the pre¬ 
amplifier is maintained at two milliamperes by adjust¬ 
ment of Rj. 

SBNSrnVITY AND SELECTIVITY 

The complete instrument, including batteries but 
excluding tiie input choke, has been mounted in a 
portable steel carrying case, weighing 35 lb. To achieve 
the desired sensitivity, however, it is necessary to use 
a high sensitivity galvanometer, which is not readily 
portable. The one used here is a Leeds and Northrup 
Type HS, with a sensitivity of 10^ mm/volt and a 
resistance of about 20 ohms. With this galvanometer 
used as a deflection instrument and with a screen 
input voltage of 30 volts at 800 c.p.s., a sensitivity of 
2X10* mm/volt or 4X10“ mm/amp can be obtained 
with excellent stability. Higher screen voltages cannot 
be used without introducing harmonic response, as the 
114 tubes do not maintain linearity for screen grid 
swin^ appreciably in exc^ of ten volts r.m.s. 

It is shown in M-C that the response of a synchronous 
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detector falls off very rapidly with departure of the 
signal frequency fo from the controlling frequency /,. 
The difference of the output of the two tubes Ei and E* 
is a complex wave, but it includes only one component, 
the beat frequency (/<?-“/«), which is sufficiently slowly 
varying for the thermocouples Hi and Bt to follow. 
If the thermal time constant of these couples is t the 
galvanometer will be able to follow the beat frequency 
only if 

|/o-/,|<2T/r. 

Letting w—2T|/t/—/ip|, this condition reduces to 
wr<l. It is shown in Eq. (6) of M-C that the ratio of. 
the sensitivity for any o> satisfying this condition to the 
sensitivity for aj=*0, is 

6^/do * 0)0^/ (to*—a)o®)wr, 

where m is 2 t divided by the natural period of the 
galvanometer. 

The solid line of Fig. 2 shows a plot of the theoretical 
deflection against the difference in frequency between 
the signal and controlling voltages. The circles show the 
observed deflections, which were obtained by applying 


to the input inductance a signal produced by two syn* 
chro-variable transformers. These transformers were 
excited by the same source that supplied the controlling 
voltage and were driven mechanically at measured 
speeds between one-tenth and ten revolutions per sec- 
ond.’ It will be noticed that the agreement between 
measured and predicted deflections is excellent over the 
range of 0,1 to 0,3 c.p.s. The theory is not good below 
the lower limit, and the departure from the theoretical 
curve at the higher frequency differences is probably 
due both to noise and to small amounts of feedback. 
Even with these disturbances present, the 1/e width of 
the response curve is 0.24 c.p.s., and the response has 
dropped to 1.7 percent of maximum for a frequency 
difference of only 0.5 c.p.s. 

This instrument was ^signed and built in connection 
with a program of work on the surface properties of 
solids which is being assisted by a Frederick Gardner 
Cottrell Grant of the Research Corporation, The 
authors wish to express their gratitude for this help. 

• Deflections were not measurable at frequency differences be¬ 
tween one and ten c.p.s. 
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Counting with Geiger Connters 

Homer E. Newell, Jr. and Eleanor C. Pressly 
Naval Research Laboratory, Washington, D.C. 

(Received April 1,1949) 

The coincidence rate of a pwrfectly efficient two-counter teleacope is obtained in terms of the radiation 
intensity and the effective dimensions and separation of the counters comprising the telescope. Formulas 
are presented for the counting rate in a field of isotropic radiation and in's field where radiation varies with 
the xenith angle in accordance with a cosine squared law. By means of the formulas the counting rate may 
be located between an upper and a lower bound which in most practical cases differ by only a few percent. 

The information embodied in the formulas is also presented graphically in a form convenient for ready 
calculation of the ratio of coincidence rate to radiation intensity once the effective dimenuons and separa¬ 
tion of the counters are known. 


PART A. ANALYSIS AND FORMULAS 


I. INTRODUCTION 

HE coincidence rate Ns of a two-counter telescope 
is given by an expression of th« form 

where G is a factor which depends, among other things, 
upon the geometry of the telescope and the character 
of the radiation in which the telescope is embedded- 
If the radiation is isotropic, I is the unidirectional 
intensity factor; but if the radiation varies with zenith 
angle f in accordance with a cosine squared law, then 
I cos* f is the radiation intensity. 

The isotropic case was discussed in a recent paper.' 
Subject to certain simplifying conditions, formtilu were 
obtained e xpressing G as a function of the effective 

‘ H. E. NeweU, Jr., Rev. Sci. Inet. 19, 384 (1948). 


length, diameter, and separation of the counters. The 
underlying assumptions were; 

(a) that the ^ective volumes of the two counters 
comprising the telescope were exactly equal right 
circular cylmders;* 

(i) that the counters were placed with their axes 
parallel to each other and normal to the line 
joining the centers of the axes; 

(c) that the radiatbn surrounding the telescope 
traveled in rectilinear paths which were unaltered 
m traversing the telescope; and, finally, 

(d) that all and only those rays, the paths of aditdi 
traversed both counters, were counted. 


* Henceforth the term “counter” ihaU mean the effaedve Voittine 
of the counter. > 
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Retaining the assumptions {ay(d)f the present paper 
continues the discussion of the isotropic Case, and in 
addition treats the cosine squared law case. Part A 
contains an analytic discussion of the subject. In it 
formulas are presented which may be used to calculate 
the factor G. Curves for the graphical determination of 
Ni in both the isotropic and cosine squared law cases 
are presented in Part B. 

n. PRELIMINARY DISCUSSION 

Select a set of mutually orthogonal axes 0-XYZ in 
space, oriented with OF parallel to the counter axes and 
OZ parallel to the telescope axis, that is, to the line 
joining the centers of the counters. Consider an arbi¬ 
trary ray OR making an acute angle rj with OZ, as 
shown in Fig. 1. The ray may be thought of as the inter¬ 
section of the two half-planes YOR and XOR* But these 
two half-planes are uniquely determined by the angles 
a and which they respectively make with planes 
YOZ and XOZ. There is accordingly a bi-unique corre¬ 
spondence between the directions OR and the pairs 
[a, Both a and are shown in Fig. 1 as great circle 
arcs on the unit sphere about O as center. 

Let a(a, 0) be the plane area normal to OR which a 
ray travelling parallel to OR must cross in order to pass 
through both counters of the telesco|>e. Then the coin¬ 
cidence rate of the telescope is given by 

Nt^fjl{a,0Ma,0)dX, (2.1) 

where I(a, /S) is the unidirectional intensity factor in 
particles per unit area-unit solid angle-unit time, and 2 
is the solid angle over which <r(a, 0) does not vanish. 
In the earlier paper it was shown that a is given over 
most of the range of integration by 

a* 

ffm - 

(1—sin*o sin*/?)* 


XI (i—8in«)(A cos/?—cos’a sin/8) 


r «* 2 sina- 6 

+1 —arccos- 

14 d 


-t-i(6--2sina)(5 sina 


—8in*o)*ji 


cosa sin/8 


, ( 2 . 2 ) 


where i^d/a and A^l/a. The quantities a, d, and I 
are reiqiectively the separation of the centers, the 
dianteter, and the length%f the counters. 



Fro. 1. 


hes the inequality 
where* 

I <r{a,0)d^ 

Fig. 2a. Counting rate of a two-counter 
telescope: isotropic case. 


(3el) 



nL FORMULAS FOR THB COINaDBNCB RATS; 
TEE ISOTROPIC CASB 

Uait^ the exprestumi (2.2) for <r(a, /9), it was shown 
^ the 1^^ paper that Nt in the isotropic case satis- 


Fio. 2a. Ni«*Coincidenceft per unit time (from entire sphere). 
Im Unidirectional radiation intensity in particles per unit area— 
unit solid angle--ninit time. (The number of particles crossiag 
area dv in umt time from solid angle dS in direction normal to 
dr is I drd2.) Nt^Qd^L Fom^ula to calculate Q gives value 
too large by no more than E percent, Fig. 3. 
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Fig. 25. Counting rate of a two-counter 
telescope: isotropic case. ' 



Fig. 2b, -Yj-Coincidences per unit time (from entire sphere). 

Unidirectional radiation intensity in particles per unit area- 
unit solid an^le—^unit time. (The numoer of particles crossing 
area in umt time from solid angle dS in direction normal to 
d<r is I dffdS.) Ns">Q<PL Formula used to calculate Q gives value 
too large by no more than E percent, Fig. 3. 


^ao(af) 

ir{a,0i(a))dZ. 

n .'fll(a) 




cosa cosi3 
[ 1 —sin’ asin’/S]* 


■d0da, 


(3.2) 


iV,m‘=4a*/ 


and 


J" I A(i— 8infl()|^i 


A4 


arctan- 


A L'+A\ 

A*(j—sina}cosa A’jB 


A*+A* 


A*+A* 


da. (3.6) 


A\w = .V,«+8a’/ 


X 


A* 


A’+i4’ 


{(5—sina)(i4—cosa)+3} 
rA*+i4*l‘ 


xlf—1 

ILa»+c7J 


l\da; (3.7) 


Fig. 3. Closeness with which text formulas approxi¬ 
mate counting rate of a two-counter telescope: iso¬ 
tropic case. 



Fig. 3. iVj**Coincidences per unit time (from entire sphere), 
given by 3.6. Ntjn given by 3.7. Then 

where 


j5i(a£)»arcctn 


cosa 


i3o(a) = 
and 


= arcctn 


-[cosa—(3 sina—sin*a)^] 


cosa . 

—“£cosa — ( 6 *—sin^a) * 31 , 
A 

ao«arcsin3. 


Here again d^d/a and A^l/a, 

Integrating first with respect to the formulas for 
and become* 

* Note that (3.1), (3.2), (3.6) and (3.7) count all rays from the 
e litre sphere which can cause coincidences. 


(3.3) 

(3.4) 

A — cosa —(8 sina—sin’a)*, 

(3.8) 

r / 2 sina— 8 \ 

B= 4 j 8 * arccosi-j 

1 


+2(3—2 8ina)(3 sina—sin*a)^ i 

J 

, (3.9) 

(3.5) 

and 0 



C=» cosa— ( 8 *—sin*a)^. 

(3.10) 


For a single set of values of I, d, and a, the integrals in 
(3.6) and (3.7) can be evaluated graphically to witiiin 
a fraction of a percent in a few hours. The percentage 
error in using tiwse formulas to a^^oximats Nt dpw 
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not exceed 

Nlm 

£*100- 

Graphs of E were presented in Fig. 6 of the previous 
paper, and are given in different form in Fig. 3 below. 

IV. FORMULAS FOR THE COINCIDENCE RATE: 
THE COSINE SQUARED LAW CASE 

When the radiation intensity varies with zenith 
angle f in accordance with a cosine squared law, 
/(a, fi) is given by 

7(of, i8)-/cos^f(a, 0), 

where I is constant. Formula (2.1) then becomes 
fcos*f(«,^)<r(a,/3)d2:. 


Fig. 4a. Counting rate of a two-counter 
telescope: cosine squared law case. 

ail 



If the axis OZ of the telescope is inclined at an angle 
to the vertical OF, as shown in Fig. 1, the integrand is 
not symmetric in a and j9. Thus, couniing rays from a 
single hemisphere only^ 

P cos^f(a, fiMa, /J)d2, (4.1) 

•7—ao*7—/So 

where fio and ao are as given in (3.4) and (3.5). 

This formula may be used when the cosine squared 
law is valid over the entire solid angle viewed by the 
telescope. But if the solid angle includes directions 
below the horizon, the formula must be modified to 
account for shadowing by the earth and departures 
from the cosine squared law. 

When the telescope axis is vertical, OZ coincides 
with OV in Fig. 1, and f coincides with tj. In this case 

cos®a cos*/3 

cos^f =-;-;- 

1—sin*a sin®j3 


Fig. 4i. Counting rate of a two-counter 
telescope: cosine squared law case. 



Fm. 4a. i^»»Coinddences per unit time (from upper hemi- 
iphete only). / radiation intensity in partidfca 

per unit area-unit solid angle—unit time. (The number of par> 
tides crossing area d<r in unit time from solid angle dt in direction 
normal to da is I oo^dW®.) f »»cnith angle. iVt»Qd*I. Formula 
mmA to calculate Q i^ves value too Urge by no more than E per- 
F%i S. 


Pio, 4A. iVi>* Coincidences per unit time (from upper hemi¬ 
sphere only). I cos*r*“>iuidirecUonal radiation intensity in parficles 
per unit area-unit solid angle-unit time. (The number of par¬ 
ticles crossing area dtr in umt time from solid angle dZ in direction 
normal to da is / cosVdod®.) r**sentth angle. Nj«Qd*I. Formula 
used to calculate Q gives value too Urge by no more than E per- 
cent, Fig. 5. 
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Fig. 5. Closeness with which text formulas approxi¬ 
mate counting rate of a two-counter telescope: cosine 
squared law case. 



Fig. 5. iVt—Coincidences per unit time (from upper hemi¬ 
sphere only). Ntm, given by 4.4. Nzm given by 4.5. Then 


As a consequence (4.1) becomes 

(r(a, /3)cos*a cos*/? 


<rta, p)cos*a cos*p 

I I - 

0 Jo [1 — sin*a 


Set 


A2«.-4/ 


«0 pfilia) /9)cos*a cos^fi 
[1 — sin^a sin^iS 


// 

•'o •'o 


d^a, (4.2) 


and 


Dto j%0o(a) 




Tf 

•'o *^0\ 


^i(«) 

<r(a, i3i(a))cos*a cos*/9 
[1 —sirfa sin*/S]*^® 


diSda, (4.3) 


where fii(a) is given in (3.3). Then 

Ntm<Nt<NtM^ 


The quantities N%m and iVijif differ from by no more 
than 


E^liXh 




Nt 


percent. 

Integrating with respect to fi, (4.2) and (4.3) become 


a^Al r 3A*+S^® Al 

. -I \ ( 5 “- 8 ina) AA -1-3 arctan— I 

2 Jo I I (A^+A^y A} 

A^+2A^ 1 

+ 2 Ar 5 — (5 — sina)cosa 1 -} cosWa, ( 4 . 4 ) 

(A 2 +^ 2 ) 2 j 

and 


iV2JW=» A2in4 


4o^A* 

—’S. 


COS*tlf 

(A*+^»)» 


XI (5—sina)(.4—cosa)+B) 


X 


2A»+3C* 2A*+3v4* 

(A»+C*)‘ (A»+yl*)« 


da. 


(4.5) 


where A, B, and C are given in (3.8)-(3.10). 

V. DISCUSSION OF ACCURACIES 


Subject to the conditions (a)-(d) set forth in the 
introduction, fomiulas (3.6) and (3.7) can be used as 
an approximation to N$ in the isotropic case. The 
closeness of this approximation can be estimated from 
the graphs of Fig. 6 in the previous paper and Fig. 3 
below. Similarly the graphs of Fig. 5 below furnish an 
estimate of how closely (4.4) and (4.5) approximate to 
JVt in the cosine squared law case. It is estimated that an 
additional error of :Li percent exists in the Nt graphs 
of both the present and earlier papers due to integration 
and plotting errors. 


PART B. GRAPHS* 

VI. GRAPHS OF THE COINCIDENCE RATE: 

THE ISOTROPIC CASE 


For the convenience of the experimenter, the informa¬ 
tion contained in the graphs of the previous paper is 
replotted below in different form, (Figs. 2 and 3), to 
show the variation with l/d instead of l/a. 

vn. GRAPHS OF THE COINaDENCE RATE: 

THE COSINE SQUARED LAW CASE 

Using the approximation given by (4.5), the coin¬ 
cidence rate in the cosine squared law case is plotted in 


Fig. 4. The error made by using (4.5) is in the positive 
direction and is in percentage less than the quantity E 
graphed in Fig. 5. 

Vm. ACCURACY OF THE GRAPHS 

The graphs in Sections VI and VII of coincidence 
rates all contain integration and plotting errors not 
exceeding ±3 percent. Those of B contam similar errors 
of not more than =blO percent. 

* For as long as they laat, full scale copies of these graphs may 
be obtained from the authora upon request. 
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Sample Scanning Meclianiran for X-Ray Diffraction 

J. W. HiCKKAN AKD a. G. KtKlNKNECHT 
Wesiinghotise Research LaboraUyrUSt East Pittsburgh, Pennsylvania 
(Received March 28, 1949) 

An automatic scanning mechanuun is described for the study of preferred orientations in worked materials 
for pole figure representation. The device maintains a fixed specimen to film distance and permits tilting to 
75 degrees from the normal to the beam about horizontal and vertical axes. The yoke support is constructed 
to clear conventional film holders so that close specimen to film distances can be obtained. The sample 
holder can be easily removed and adapted to suit any specimen as required. An area of 2.38 square centi¬ 
meters per hour is scanned when the beam is perpendicular to the plane of the specimen. 


INTRODUCTION 

I T is well known that many of the properties of 
worked metab are dependent upon crystal grain 
orientations. For the investigations of work^ metals it 
is thus desirable to know whether preferred orientation 
exists, as well as the extent and the t 5 rpe of preferred 
orientation. In drawn wires working results in identical 
treatment in all directions orthogonal to the wire since 
preferred orientations appear only along the axis of the 
wire. In this case the orientation is unidirectional. In 
the case of rolled sheet metal, the sheet is subjected to 
treatment which is not identical for all directions 
orthogonal to the rolling direction. This results in 
preferred orientation in two directions; namely, the 
rolling and cross-rolling directions. 

The only feasible method for studying two-dimen¬ 
sional preferred orientation is to make a pole figure for 
the specimen. In those cases where the sample is so 
fine grained that spotty diffraction patterns do not 
result, the specimen may remain stationary. In many 
cases, however, the grain size of the sample is so large 
that spotty patterns are given when the sample remains 
stationary. In these cases it is necessary that the x-ray 
beam scan the sample during the.exposure. The scanning 
technique results in a great saving both in labor and 
time since many x-ray diffraction patterns are super¬ 
imposed on one film. The scanning may be obtained by 
oscillating the specimen through a slight angular range 
by using an oscillating crystal camera or by shifting 
tl^ specimen in its own plane by some mechanism 
during the exposure. 

An integrating camera which sweeps the beam over 
large areas of sheet specimens has been described by 
Smith.^ Blueprints of this camera have been made 
available by the Research Laboratories of the Aluminum 
Company of America. Recently Hay* has described a 
simple scanning mechanism which fits directly onto the 
traA of the General Elec^ic XRD Unit. The Hay 
design has the advantage that both front and back 
reflection photographs may be taken simultaneously. 
This instrument, however, does not permit the photo- 

* D. W. Smith, <‘Symtx»iam of Radiography and X-Ray 
Difcactiim,” A.S.t.M., pfiiUdelphia (1939); Proc. AS.T.M. 200 

(tmy 

* R. H. Hay, Rev. Sd. laat 18, 801 (1947). 


graphic plates to be brought close to the sample when 
scanning is occurring at relatively small angles of 
sample to beam direction. Furthermore although the 
sample may be set at any angle about a vertical axis, 
no provisions are made for setting at angles other than 
90° to a horizontal axis. To overcome these limitations 
an instrument has been designed which permits front 
and back reflection photographs to be taken simul¬ 
taneously where the specimen to plate distances may 
be set at values as small as 3 cm. In addition both 
horizontal and vertical angular settings were considered 
desirable, these limits being set at =t60° about each 
axis. It is also possible to scan horizontally along a 
wire, for example, without vertical travel. Further¬ 
more, all positions of the sample are obtained while 
keepmg the specimen to film distance constant. 

In order to obtain small sample to plate distances a 
narrow base is provided consistent with the necessary 
mechanical bearing surface. This base forms part of a 
supf)orting frame, shown in Fig. 1, which fits onto the 
camera slide. The frame has two vertical supporting 
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horns raised to such height that the mechanism carried 
on it clears the tops of the standard General Electric 
Circular Back Reflection film holders. The two film 
holders and scanning mechanism fit on to the common 
camera slide. 

The specimen to be scanned is held in the specimen 
frame which can be tilted to any desired horizontal 
angle by means of an indicating dial graduated in 
degrees. This dial is fastened to the yoke which holds 
the tilting frame. The tilting frame is held and turned 
in the yoke which is attached to the vertical feed column 
which moves up automatically in small increments 
(0.040 inch) at each end of the horizontal stroke. 

The mechanism for accomplishing these motions con¬ 
sists of a pawl which engages in teeth cut in the vertical 
feed column in such a manner that the vertical feed 
plunger, to which the pawl is pinned, upon being 
forced inward by the adjustable stops, raises the feed 
plunger through the pawl by the required amount at 
each end of the stroke. This entire mechanism is con¬ 
tained in a slider by means of which the horizontal 
motion is obtained. This slider also contains a ratchet 
pin whose function is to click in at each rise to keep 
the vertical feed column from falling back. A sliding 
key is provided to keep the vertical feed column from 
rotating in the slider. 

The horizontal motion of this slider is derived from 
a screw working in a nut tapped in the slider body. 
This screw, in turn, is driven through two small spur 
gears, by the reversible motor. The motor reversing 
switch, with stroke adjustment screws which actuate 
the switch, reverses the slider travel while the adjust¬ 
ment screws determine the length of the stroke. 

The complete operating mechanism of the scanner is 
carried on a circular adjustable mechanism plate which 
in turn has a bearing in a base plate with graduations 
in degrees. The circular adjustable plate can thus be 
rotated about a vertical axis in order to give the speci¬ 
men the desired angular displacement. 


In order to reset the mechanism after the vertical 
feed column has completed its upward travel the ratchet 
pin is withdrawn and given a slight turn for permanent 
disengagement. The pawl is then pressed outward dis¬ 
engaging the teeth and the vertical feed column is 
lowered to the starting position, the ratchet pin is re¬ 
engaged, and the mechanism is ready for another cycle 
of operation. 

Another novel feature of the device is the adaptability 
afforded for holding any body in any manner by simply 
detaching the yoke and tilting specimen frame by 
means of the knob at the top of the vertical feed column. 
Any other holding device to accomplish the desired 
purpose may be substituted for the yoke and tilting 
specimen frame. The original specimen frame permits 
angular displacements to ±60® and carries a scale for 
tilting to ±45®. An alternative sample holder has been 
designed by Mr. H. H. Plotkin with two sides of the 
square frame cut out for visibility at large angles. The 
circular adjustable plate can thus be rotated to ±75® 
and a tilting frame graduated to ±90® is also provided. 

The beam traverses the sample horizontally to the 
end of the stroke where the vertical feed column elevates 
the sample 0.040 inch when the horizontal reverse 
mechanism moves the sample in the opposite direction, 
A total time of 6.1 hours is required to completely 
traverse a sample of 1.5 in,Xl.5 in. (3.81 cm) when the 
beam is perpendicular to the plane of the specimen. In 
this position an area of 2.38 square centimeters per 
hour is scanned. 

The choice of materials in constructing the instru¬ 
ment was made with special regard to lightness con¬ 
sistent with strength. The yoke is made of aluminum 
as well as the motor switch box. The base plate and 
upper structure are made of rust proofed steel and the 
slider is of bronze in order that best wearing conditions 
obtain. The vertical feed column and all the contact 
surfaces are hardened to resist wear. The yoke was 
given a crackle finish and the specimen frames are made 
of brass. 
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Design of Equipment for Thermal Studies 

Robert J. Teotl 

Brookhaven Naiional Labor<Uory, Upton, New York 
(Received April 11, 1949) 

A versatile metallurgical furnace for high temperature investigations of metals and alloys is described. 
Its uses to conduct thermal analysis and thermal treatments on beryllium-iron alloys are described in detail. 
In order to apply thermal analysis to these alloys, a special thermal crucible was designed and found suc¬ 
cessful. 


INTRODUCTION 

N the course of a recent investigation into the 
beryllium-iron system,^ a metallurgical furnace was 
designed and built to carry out thermal analyses and 
solution treatments on high melting point alloys. Due 
to its versatile design, this furnace can be adapted to 
many other types of metallurgical experiments. There¬ 
fore, a more detailed description of the furnace and its 
uses, in particular, for thermal analysis and solution 
quenching from high temperatures, will be presented 
here. 


ment of these alloys presents more difficulties than arc 
ordinarily encountered in investigations of phase sys¬ 
tems. 

Due to the chemical activity, high melting point and 
high vapor pressure of beryllium, protection of thermo¬ 
couples becomes a problem. Beryllium, iron and their 
alloys melt at high temperatures (above 1150°C). 
Therefore, crucible and furnace problems are added. 

THERMAL ANALYSIS 
Furnace Arrangement 


FURNACE 

A cross section of this furnace is shown in Fig. 1. 
Two concentric seamless steel tubes, when welded to 
metal rings above and below, form a water jacket. The 
top and bottom are closed by brass plates using rubber 
gasket seals. Two smaller pipes are introduced through 
the water jacket to provide vacuum and electrical 
connections, thus leaving the top and bottom free for 
the removal and replacement of furnace shields and 
cores. This water jacket accommodates cores having 
diameters up to four inches. 

A high speed, high vacuum oil diffusion pump (DPI 
model 275CM) is connected to the vacuum port and a 
Welch Duo-Seal mechanical pump is used to maintain 
the fore pressure. 

The advantages of this design are listed below: 

1. Various core siaes can be substituted quickly and easily. 

2. The type, amount, and kind of insulation needed for the 
best control of the furnace at any temperature can be placed into 
the apparatus with ease. 

3. Since the gaskets are all clamped down, inert atmospheres 
at high pressures can be used as w^ as vacuum. In order to do 
this prc^crly, a valve should be placed between the fore pump 
and the diffusion pump. 

4. The special port for the electrical and gauge connections 
eliminates Uie necessity of providing these connections in every 
furnace cover. 

5. The water jacket cools the outside shell and the gaskets. 
Therefore, effective use of the furnace with little chance for leaks 
to develop is insured. 

In the Mowing sections, the application of this 
apparatus to the thermal analysis and solution treg^t- 
ment of beryllitim-iron alloys will be described. Treat- 
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An Alundum furnace core, IJ inches in diameter and 
12 inches long, is used in this investigation (Fig. 1). 
It is wound with molybdenum wire. Alundum cores 
placed concentrically about the core form radiation 
shields and insulating brick is used for the top and 
bottom. 

The internal arrangement used for thermal analysis 
is shown in Fig. 2. A special beryllia thermal crucible, 
the fabrication of which will be described in greater 
detail later, rests upon an Alundum tube base in the 
center of the core. Temperature measurements are made 
by a platinum-rhodium thermocouple which is intro¬ 
duced into the furnace at the bottom and passes up 
through an insulating brick base, a Lavite base, an 



Fio. 1, Vacuum furnace. 
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Alundum base and then into a thermocouple well 
integral with the bottom of the crucible. Since the 
thermocouple insulator is thm (^-inch diameter) and 
fragile, a silica tube is placed around it for support in 
the cool zones of the furnace while an Alundum tube is 
used for this purpose in the hot zones. The thermo¬ 
couple is adjusted by moving the silica tube through 
the rubber seal at the bottom of the copper tube. This 
adjustment is made with the unit, which includes the 
piurts mentioned above, outside of the furnace and 
afterwards this assembly is raised into the furnace. 

Thermal analysis also requires a method for raising ^ 
and lowering the temperature slowly and uniformly. 
This is accomplished by using a synchronous motor to 
drive a dry induction regulator. The regulator is not 
entirely effective unless the input voltage is stabilized. 
Consequently, a saturated core stabilizer is used for 
this purpose. The voltage, regulator acts, as a variable 
tranrformer; i.e., it raises the output from 0 to 200 
percent of the input voltage. Therefore, the rate of 
voltage rise or descent is adjusted by varying the speed 
of the motor drive through a train of gears. Further 
control is possible with the aid of a variac on the input 
side of the regulator, .Using such a control, the rate of 
rise or descent is adjusted within 1 to 2.S°C/minute. 

Thermal Analysis Procedure 

Pieces of alloy, previously prepared in a vacuum 
induction furnace, are loaded into the thermal crucible 
shown in Fig. 2. After lifting the crucible into the 
furnace, the vacuum ptimps are turned on and the 
temperature of the furnace raised as quickly as possible. 
The thermocouple wires protruding from the bottom of 
the furnace are joined to the copper leads of a recording 
potentiometer. These junctions are immersed in an 


ice bath and maintained at O^C. When a halt in the 
heating curve is noticed on the potentiometer, the 
induction regulator is turned down in order to level the 
temperature of the furnace at about 100®C to 200®C 
above the melting point. Then the synchronous motor 
is fixed into place and the cooling curve automatically 
is plotted on the potentiometer. Heating curves are 
made by simply reversing the synchronous motor. One 
complete analysis takes 10 to 15 hours and includes an 
investigation from the melting point down to approxi¬ 
mately 500®C, When more precise data are necessary, 
precision Leeds & Northrop K2 potentiometer and a 
timer are used to obtain the thermal curves. 

Examples of the recorder plots derived from a thermal 
analysis for both heating and cooling are shown in 
Fig. 3. An inverse rate plot using the K2 potentiometer 
is shown in a previous article.^ 

Fabrication of Thermal Crucibles 

A slip casting procedure used to produce these 
unusual shaped crucibles is reported by V. Mahady.^ 
The steps of the procedure are given below: 

1 . Preparation of plaster mold—A large glass test 
tube with a brass rod protruding through a hole on the 
bottom (Fig. 4a) is inverted and luted to a cardboard 
form with plasticene clay (Fig. 4b). The plaster is 
carefully cleared of lumps and bubbles and then poured 
into the form. After the plaster has set, the glass tube 
is removed leaving the test tube shape with a hole at 
the bottom of the plaster mold (Fig. 4c). The mold is 
then thoroughly dried. 

2. Preparation of slip—Beryllia (—20 mesh refactory 
grade) is supplied by Clifton Products, Inc. A mixture 
(800 grams of beryllia and 600 grams of water) is ground 
in a tungsten carbide ball mill for 65 hours. Afterward 
the mill is rinsed with 500 cc of water. The mixture is 



leached by adding 100 cc of dilute hydrochloric acid 
and after 24 hours, the acid is decanted from the 
beryllia. Then it is washed with distilled water a few 
times and 0.1 percent by volume of gum arabic (in 
water solution) is added. 

3. Graphite rods—The thermocouple well in the bot¬ 
tom of the crucible is formed by slip casting a graphite 
rod. These graphite rods, |-inch diameter and 2 inches 
to 3 inches long, are machined and dried in a furnace. 
They are dipped 2 or 3 times into beryllia slip (specific 
gravity of 1.16) to a depth of i to f inch (the desired 
length of the thermocouple well). After each dip they 
arc partially dried for 20 to 30 minutes in air. 

4. Slip casting—The coated graphite rods are placed 
into tbe plaster mold with the bare section of the rod in 
the hole in the bottom of the mold. Slip (specific 
gravity 1.45-1.49 and 4.5) is poured into the mold 
and allowed to settle for 26 seconds. This gives a wall 
thickness of inches. After trimming the excm slip 

• y. M. Mshady, “The inmsratioii of slip cast bwyUla crudhleB 
with pr^eetbg Uiermooouple nrotoctUm tuW* M.I.T, hfstsl^ 
luigioal mject Menmmdam 
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from the mold, the mold aod crucible are placed in a 
drying oven for two hours at 50*^C. Then the crucible 
is removed from the mold and dried for 24 hours. 

5. Firing—An oxy-propane furnace is used for this 
step. The crucibles are placed into the furnace in an 
upright position and heated slowly to 1800®C over a 
period of six hours. They are held at temperature for 
15 minutes and then slowly cooled. The graphite rods 
bum out between 750° and 950°C leaving a reentrant 
thermocouple well in the bottom of the crucible. The 
density of the slip cast beryllia is 90 percent that of 
the solid. 

After some experimentation, a reaction between 
beryllia and the porcelain thermocouple insulator was 
detected. This reaction causes frequent thermocouple 
failures. Therefore, it was found advisable to dip the 
graphite rods into Alundum slip first. This procedure 
gives an Alundum coating inside the thermocouple well 
and prevents the reaction. 

Th^ advantages of this design of crucible are the 
following: 

1. The thermocouple ia accurately located with respect to the 
melt. 

2. The thermocouple U protected from contamination by fumes 
or vapors. 


is used only when the temperature of the treatment is 
above the solidus of the alloy. 

These capsules are placed into the Pyrex glass tube 
shown in the upper right corner of Fig. 5. By moving 
the magnet, a pusher in the tube forces the capsules 
through a hole in the tube one by one, thus introducing 
the specimens into the furnace. The center sketch in 
Fig. 5 shows the path of the capsule through the 
furnace. Each capsule is guided into the furnace by a 
molybdenum funnel and an Alundum tube. It is halted 
by a molybdenum vane in an iron block located in the 
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Fic. 4. Sketch of mold fabrication for thermal analysis crucible. 



Fio, 3. Record of thermal analysis of beryllium 
automatically plotted. 


3. The melt can be completely covered, thus preventing large 
metal losses during the long perils required for thermal analysis. 

4, The alloy sample need not be machined especially to fit into 
the cnidble. 

SOLUTION TREATMENTS 
Furnace Arrangement 

The same furnace core is used for thermal solution 
quenching experiments with a different internal arrange¬ 
ment (Fig. 5). The specimens are loaded into iron 
capsules for guidance and identification through the 
apparatus. These capsules can accommodate either 
powder or solid specimens. In the former case, the 
powder is placed into a beryllia lining which fits into 
tie iton capsule. In the latter case, the beiyllia lining 


center of the furnace. After the prescribed time, the 
vane is moved aside and the capsule drops through the 
Lavite funnel at the bottom of the furnace into the oil 
quenching bath. 

The iron block is supported in the center of the 
furnace by three molybdenum rods as shown in the left 
sketch in Fig. 5 and the temperature of this iron block 
is controlled by a thermocouple and potentiometer 
controller. 

All operations are controlled and watched from the 
top by a vane port and sight tube respectively. 

The silicone oil in the quenching tank is cooled by a 
copper cooling coil surrounding the tank. A beaker of 
water placed around the tank improves the contact 
between the cooling coil and the tank. 

If repairs to any part of the heat treatment apparatus 
are ne^ed, the top and iron block are removed as one 
unit. Here again, all adjustments are made outside the 
furnace. 

Quenching Procedure 

Capsules containing the specimens are loaded into 
the Pyrex glass tube which is forced through the rubber 
seal at the top of the furnace. The capsules are treated 
in turn and allowed to collect in the tank below. After 
the furnace has been turned off and the vacuum broken, 
the tank is removed and the capsules recovered. Then 
they are cleaned in carbon tetrachloride and acetone. 

The identification of each specimen is preserved by 
keeping records of the numbers marked on the iron 
capsules. 
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Fig. S. Internal ar¬ 
rangement thermal aolu* 
tion treatments. 


CONCLUSIONS 

A metallurgical furnace and its application to high 
temperature thermal analysis and thermal treatments 
have been described. Thus furnace can accommodate 
various cores and amounts of insulation. It also can be 
used for investigations up to 1600®C in either vacuum 
or an inert gas atmosphere for the protection of metals 
under observation. 
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Preparation and Use of Tritium and Deuterium Targets* 

E. R. Geaves, a. a. Rodeicues,** M. Goldblatt, and D. I, Mkvee 
Los Alamos Scientific Laboratory, Los Alamos^ New Mexico 
(Received May 23,1949) 

Methods arc described for preparing Ta-H and Zr-H targets for economic use of tritium. Ratios of hydro¬ 
gen isotope to metals of about 1.0 were obtained. The use of these targets under deuteron bombardment 
is discus^. 


L INTRODUCTION 

T he use of the deuterium-tritium reaction as a 
fast neutron source involves the problem of con¬ 
servation of tritium. While a recirculating system is 
possible, using tritium either as a bombarding ion or as 
a target, this system is tedious and subject to accident. 
While a tritium gas target with a thin window for 
beam penetration may be used at higher voltages its 
use is impossible with bombarding energies of less than 
a few hundred kilovolts. A stable solid form of tritium 
constitutes the best target. Tritium ice would seem 
useful. Extensive tests were made on the, use and 
conservation of minimum quantities of ice (using 
deuterium ice). Water vapor was stored in a reservoir 
which included a liquid air trap and the pressure 
measured to determine the quantity of DjO. Repeated 
transfers of the vapor from the reservoir to the target 
and back always resulted in a gain of water vapor from 
elsewhere in the system in spite of careful auxiliary 
trapping. In addition thin layers of ice were found to 
be evaporated rapidly by deuteron bombardment. The 
consequent dilution of the original target material by 
these cflFects, together with the problems of the chemical 
disintegration of the tritium water molecule due to its 
own radioactivity were considered sufficient reasons to 
render tritium ice an impractical target material. 

After consideration of various compounds and their 
properties it was decided to concentrate on the use of 
metak which absorb quantities of hydrogen and retain 
it. This property is known for a number of elements.^”* 
Among those which absorb the most are palladium, 
tantalum, zirconium, titanium. It was required that 
the hydrogen isotope, once absorbed, should remain 
trapp^ in the target under bombardment by a beam 
in a vacuum. Pd absorbs and emits gas at too low a 
temperature and hence was ruled out as a possibility. 
Since Ta exhibits the phenomenon of absorption at very 
high temperatures, it was investigated for its applica- 
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bility first. At a kter time Zr was used. Ti, desirable 
for its lower atomic number, has not been used to date. 
Targets have been successfully prepared using both 
Ta and Zr. The Zr targets have been by far the more 
successful ty]>e both from the standpoint of preparation 
and of use. However, the procedures developed for 
making both and for using them in a 200 kv Cockcroft- 
Walton accelerator will be discussed. 

n. PREPARATION OF TARGETS 

The vacuum systems and apparatus employed in the 
production of target foils are diagrammed in Figs. 1-3. 
It will be noted that the systems used were functionally 
identical for both tantalum and zirconium. Logically, 
the systems were composed of three sections each: the 
first section was used for purification and storage of 
the hydrogen isotope; the second section was employed 
for absorptions; and the third portion of each system 
enabled the recovery of unreacted tritium gas. However, 
as indicated by the diagrams, the Ta was heated as a 
ribbon conducting current between electrodes, whereas 
the Zr was placed on a W backing and heated by 
induction. 

In order to insure the removal of impurities which 
might have been with the hydrogen isotope, the tritium 
or deuterium was reacted with uranium to form UX» 
and the impurities were exhausted. 

Tantalum Procedures 

From tantalum sheet, either 0.001 inch or 0.004 inch 
thick, a piece was cut having an exposed area of J inch 
by J inch. This was clamped to the flattened surface of 
molybdenum rods, approximately } inch in diameter 
which served as current carrying leads. Careful adjust¬ 
ment was necessary in mounting, in order that the 
tantalum neither sag too much nor sever due to de¬ 
creased tensile strength when heated. Heating current 
was supplied by four 220 v power-stats in parallel 
supplied in turn by a variac. Tliis circuit was capable 
of supplying 190 amperes at approximately 10 volts. 
The high current carried by the leads necessitated air 
cooling on the leads and ground joint which was waxed. 

After the ribbon assembly was installed and the 
system pumped down to <ClCt‘* mm Hg, the outgassing 
procedure, which was the essential feature of the 
preparation, was begun. The heating current was 
slowly raised until the tantalum reached approximately 
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1900^0, measured with a Leeds and Northrup Optical 
pyrometer. When the tantalum is first heated there is 
an initial surge in pressure due to the liberation of 
absorbed and adsorbed gases. The temperature of the 
tantalum was maintained at 1900° until the pressure 
dropped to a constant value. Owing to excessive heating 
of the leads and ground joint it was sometimes necessary 
to carry on this process intermittently, alternating 
heating with brief cooling periods. The temperature 
was raised progressively to 2000°, 2100°, and 2200°C. 
At 2200°C it was found best to degas by heating for a 
few seconds followed by cooling periods of 10-30 
seconds. Degassing time is reduced by “flushing’’ the^ 
metal with H 2 . This is accomplished by heating in H* 
at a pressure of several millimeters of mercury, cooling 
and pumping as before. When the pressure in the closed 
system after a 2200°C flash rose to less than 0.2 mi¬ 
crons, read on the Pirani gauge, the foil was ready for 
filling. 

A measured amount of gas was transferred from the 
storage section to the “reaction” section by means of a 
Toepler pump. Pressures from 2 to S mm of Hg were 
used, measured by the McCleod gauge. In the closed 
reaction system the tantalum was slowly heated, taking 
about one minute to reach approximately 1900°C. At 
this time the heat was cut off by means of a switch 
and the system allowed to drop to an equilibrium 
temperature and pressure. Absorption began immedi¬ 
ately with cooling and IS minutes were allowed for 
reaching equilibrium. The final pressure measured on 
the McCleod gauge, together with the initial pressure 
and the known volume of the system, provided a 
measure of the gas absorbed. Any residual tritium was 
pumped into the recovery section. 

Results of Tantalum Absorption 

Tests with deuterium produced foils with a maximum 
ratio D:Ta of 0.8—>1.0. This value was calculated from 
the estimated gas absorptbn in the central area used 
for a target and was checked by comparison of the 
yield from the d-d reaction in this target with that from 



a heavy ice target It was also shown that 0.004 inch 
tantalum foil absorbed approximately four times as 
much gas as 0.001 inch foil. 

The gas impregnated foils were warped, presumably 
due to uneven heating, and extremely brittle. This 
caused formidable problems concerning mounting as a 
target. As described in Section III, a good thermal 
contact is necessary between the target foil proper and 
a cooled backing. Since the tantalum reaches 2200°C 
during processing it is almost impossible to plate it with 
anything or bind it to any backing before impregnating. 
One attack was to evaporate gold onto one side of the 
foil after preparation. The equipment used is shown in 
Fig. 2. Although a layer was deposited without any 
apparent loss of deuterium from the already filled 
tantalum foil, the gold peeled after removal from the 
system. A copper backing was applied by touching the 
hot tantalum with a copper wire as the tantalum cooled 
during the absorption of deuterium. The copper wet 
the tantalum very well but there was no observable 
absorption of deuterium. Attempts at heating the 
tantalum to the necessary temp)erature by induction 
heating in the hope of reducing warping were unsuccess¬ 
ful with the equipment available. 

In view of the extreme brittleness of the processed 
foils, the first tritium impregnated ones were purposely 
made with only one-fourth the gas content of the best 
deuterium ones. Use of these is described in Section HI. 

Zirconium Foils 

These structural difficulties with tantalum led to a 
search for a foil material which would be less fragile, 
less laborious to degas and which would absorb hydro¬ 
gen at a lower temperature. A reasonable metal to 
replace Ta appeared to be zirconium. J. Fitzwilliam 
and C. Squire* in their magnetic studies on Zr-H 
reported that zirconium specimens would begin to take 
on Hj at 900 degrees K. They estimated that the Zr 
was filled to 66 atomic percent with hydrogen. Although 
by pumping on the Zr-H at 1000 degrees K, the hydro¬ 
gen was completely removed, there was no evidence 
that the zirconium would lose hydrogen at room 
temperature. 

Early in our investigations it was discovered that if 
the Zr were allowed to melt onto a tungsten plate; the 
Zr would readily absorb deuterium. The zirconium 
adhered very well to the tungsten backing, probably 
because of the formation of the compound W«Zr at the 
interface of the foil and the backing. The adopted 
procedure for making deuterium and tritium containing 
foils was as follows. 

The tungsten backing was a 0.030 inch sheet whidh 
was cut into the shape of the target. Before the zir¬ 
conium foil was fastened to the backing, the tungsten 
piece was cleaned and degassed. The backing was 
placed on a quartz pedestid in the reaction section 

• jr. FitsmSim sod C Sqidre, J. Ctek. Phya % 67$ (tOtt). 
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FiCf. 2. Detail of assembly for heating tantalum ribbon. For 
s()Utiering and tinning, two electrode pairs were used as indicated 
by dotted lines, 

(Fig. 3) and inductively heated in a vacuum to nearly 
2000®C for about one minute. Power for heating was 
supplied by a 20-kw Thermonic generator. A five-minute 
cooling period was allowed. The cycle was repeated 
until less than a micron change in pressure was noted 
in the closed reaction section during a cycle of heating. 
After cooling, the clean backing was removed from the 
reaction vessel and a 0.001 inch zirconium foil, in the 
shape of the backing, was then spot welded to the 
tungsten at several places. The foil and backing were 
again placed on the quartz pedestal, and the system 
was evacuated to 10“« mm Hg. In all the induction 
heating procedures care was taken to eliminate mercury 
vapor from the reaction section with cold traps. 

A nearly complete fusion was made between the Zr 
and the W when the target pair was heated to about 
1600®C and kept at this temperature for about two 
minutes. A cooling period of several minutes was 
aUowed. To insure complete fusion and degassing of 
the zirconium the foil temperature was raised to ISfXfC, 
the melting point of the Zr, for nearly one-half minute. 
The 1800®C heating was performed only twice because 
at this temperature there was a slow distillation of the 
zirconium. However, it was found that no successful 
foil could be made of Zr without degassing the metal 
at its melting point. After the last 1800*^ treatment the 
foil temperature was dropped to 1S00°C for five or 
ten mmutes to allow more degassing. 

Upon the cooling of the foil to room temperature, 
hydrogen isotope gas was pumped into the reaction 
secti<m by means of the first Toeplcr until a pressure of 


three to five millimeters of Hg was reached. Then the 
foil, in the atmosphere of deuterium or tritium, was 
heated to a temperature of 11(X)®C and maintained at 
this point for about two minutes. Again the foil was 
allowed to cool to room temperature, and the final 
pressure of the system was noted. From the change in 
pressure and the volume of the system, it was possible 
to estimate the amount of gas absorbed. The unreacted 
gas was pumped off before the foil was removed from 
the reaction vessel. 

Results on Zr Foils 

An inspection of the several absorptions of tritium 
in 0.001 inch zirconium foil showed that the average 
occlusion produced a foil which had a ratio of hydrogen 
isotope atoms to zirconium atoms of 0.6S. The highest 
atomic ratio obtained was nearly unity. Similar results 
were obtained with deuterium and zirconium. 

m. TARGET USAGE 

In practice it is desired to use a given tritium target 
for an indefinite length of time with negligible loss of 
yield from the d-t reaction in the target. There are two 
main factors which cause loss of yield. First, if the 
target becomes too hot tritium gas will be released and 
lost. Second, if a layer of ^*gunk’^ deposits on the target 
the yield will drop. The first difficulty is avoided by 
operating the target below some critical temperature 
and the second is minimized by operating at elevated 
temperatures. It is essential to be able to control the 
temperature of the target. 

First there must be adequate thermal contact to the 
target foil itself. This problem was taken care of for Zr 
foils by the tungsten backing onto which the Zr was 
melted. Contact to the Ta foils was very difficult. The 
physical properties of the tantalum changed upon gas 
absorption such that it became extremely brittle, the 
degree increasing with gas content. Owing to the non- 
uniform heating during preparation the foils were very 
warped. The foil itself could not be used as a gas tight 
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Kig, 4. Target assembly showing mounting arrangement 
used in accelerator. 

membrane. After impregnation the foil released tritium 
at considerably less than red heat. Attempts to provide 
a bond to Ta at an earlier stage which could be soldered 
at low temperature after gas was absorbed have been 
described in the previous section. In addition to these, 
various other schemes were tried to provide thermal 
contact in mounting. Successful use was made of Ta 
filled targets where the ratio hydrogen isotope to Ta 
was less than about 1:2, by cementing the foil to a 
perforated 0.003 inch silver backing with Conductalute 
cement. Other glues, and cements which were tried 
failed in test bombardments. 

Figure 4 shows the target mounting assembly used 
for both type targets. Cooling or heating was provided 
to the end plate by circulating air (or freon refrigerant 
in some cases) down tube A and out through tube B. 
A thermocouple (not shown) mounted on the side of 
the end plate measured the temperature at this j>oint. 
The tantalum-silver disk assembly or the zirconium- 
tungsten disk was clamped down against the end plate 
by the collet arrangement shown. The deuteron beam 
impinged on the target as shown and the reaction yield 
was monitored by counting the alpha particles emeiging 
into a proportional counter through a window at the 
end of tube C. 

It is possible to distinguish between loss of tritium 
and “gunk” deposit as a cause of yield loss by counting 
the x-ray strength of the targets in a standard geometry. 
The x-rays originate in the stopping of tritium beta- 
rays by the heavy metal atoms and are almost entirely 
bremsstrahlung. This countmg rate monitors the tritium 
content since the absorption of the bremsstrahlung in 
the “gunk” layer is negligible. Test showed that the 
highest safe temperature for operation with a beam was 
about 100®C. However the deposit rate is sufficiently 
reduced at 50°C“80®C and this was chosen as an 
operating temperature ra^e, accomplished by warming 
the “cooling” air. In addition to this limit on the gross 
temperature it was found that a limit was necessary on 
the beam strength because of local heating. This limit 
for a ^ inch diameter beam is approximately 10 


microamperes at 200 kv. Although the Zr targets 
probably outgas at a lower temperature than Ta, the 
better heat conductivity of their mounting serves to 
make operating conditions very closely the same as 
those for Ta. 

It is clear that the focussing of the beam greatly 
affects the local heating of the target making impossible 
any precise statements about the outgassing limits of 
the foils. If the hydrogen is in solution in the metal and 
possesses the property of flow within the metal, local 
heating would act like a leak , in a gas reservoir. This 
does not seem to be the case, since targets have 
developed weak spots during bombardment. One of 
the earliest Ta targets lost an average of approximately 
50 percent of its yield. The x-ray count was also down 
in rough agreement with this figure, A “geographic 
count,” i.e., taken with a lead mask provided with a 
small hole, revealed a region toward one side weaker 
than the rest. Of'interest also is the fact that a count 
of the back side of the foil, i.e., the side away from the 
deuteron beam, showed the same “geography.” Since 
new targets proved quite uniform in “geography,” it is 
concluded that the tritium is bound in its locations 
within the metal after the original absorption. 

The neutron yield of the best targets for 10 micro¬ 
amperes of 200-kv deuterons is 10® neutrons per second. 
The deposit rate, although small, is such that the yield 
drops to around half after a few tens of hours of bom¬ 
bardment. It has been possible in many cases to clean 
the surface with carborundum and recover the target 
strength, without actually removing an appreciable 
amount of tritium. This operation is impossible on full 
strength Ta foils and difficult on weak ones due to their 
brittleness. This is one of the great advantages of the 
Zr targets. The process may be repeated as necessary. 
On the other hand, the long life activity induced in the 
Zr during operation makes monitoring the tritium 
content after long bombardment difficult. A month or 
more is needed for decay until a reliable count may be 
made on the tritium content. Hence long term experi¬ 
ments on operational procedures are made even longer. 

Targets of the type described have been in use for 
standard operation in the Cockcroft-Walton accelerator 
at Los Alamos since November 1947. It is not possible 
to state on the basis of present experience that such 
targets have indefinite lifetimes. However, although 
the yields from some targets have dropped to 50 or 60 
percent of the original, the x-ray count indicates no 
gross loss of tritium to an accuracy of a few percent. 
Presumably the original yield may be regained by 
propw surface cleaning. 

The authors wish to express appreciation to J. H. 
Coon and £. S. Robinson for helpful discussions and 
assistance. 
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Microsampling and Microanalysis of Metals 
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In studies of composition gradients in diffusion samples, or for identifying inclusions, it 1$ often desired 
to obtain analytical samples from minute and exactly located positions in experimental material. This paper 
deals with the design and use of a microshaper using a diamond tool to take linear cuts separated by as little 
as 0.02 mm. A hand-driven drill can be us^ for sampling circular areas of diameter greater than 0.1 mm. 
The chips, which may weigh as little as 0.1 microgram, are picked up on an electrified quartz fiber and 
centrifuged into a capillary which is evacuated and sealed for annealing. A precision x-ray difiraction 
photograph is then obtained from the annealed chip, and the calculated lattice parameter used as an index 
of composition. Two examples of the use of the technique are given. 


I N studies of diffusion and other problems involving 
a composition gradient, or in the identification of 
particles differing from their matrix, it is sometimes 
desired to analyze samples of minute size obtained from 
exactly-known locations in experimental pieces. Petrog- 
raphers^”* have made some use of tiny drills and burrs 
driven at moderately high speeds to cut samples from 
both equiaxed and elongated areas down to about 0.1 
mm minimum dimension. These devices give a powder 
specimen. 

In many metallurgical cases, composition gradients 
exist perpendicular to a nearly plane interface, and a 
narrow linear sample such as that cut by a dividing 
engine gives a larger mass for analysis without loss of 
spatial resolution in the significant direction. The 
present paper deals with the design and use of a 
‘‘microahaper” which makes linear cuts separated 
reproducibly by as little as 0.02 mm, and describes 
methods of handling the tiny chips removed thereby 
and the x-ray diffraction technique used for analyzing 
them. 

Figure 1 is a photograph of the microshaper and 
Fig. 2 is a schematic cross section. The diamond too! 
(60^* nose angle, 25® negative rake, 45® clearance) is 
held in a manner that dlows complete adjustment of 
orientation in a clamp at the end of a cylindrical bar 
restrained to slide kinematically in two Vee guides with 
a point and plane to prevent rotation. The guides are 
attached to a plate, which is attached by means of an 
elastic hinge plate (ribbon hinge) to the main frame of 
the machine. The tool bar is held in place by a 1 kg 
tension spring at 45®, attached to a projection below 
the plate. This allows the tool to rise if overloaded and 
prevents damage. The spring also pulls the bar back¬ 
wards against a cam which provides forward feed when 
it is rotated by a hand wheel on the end of its shaft, 
which passes through bearings in the main frame at the 
rear. A 500 g compression spring at the rear supplements 
the hinge plate and presses the guide plate vertically 
upwards against an adjustable stop. A second cam, on 



the same shaft as tlie first, can depress the rear of the 
plate, pushing it away from the stop and, by causing 
rotation around the center of the hinge, raise the cutting 
tool about 0.25 mm, The cams were designed to cause 
the tool to lower onto the specimen, move forward, lift 
out while still moving forward, and return while raised. 
While cutting, the tool bar guide plate is held against 
the stop and is thus in an exactly reproducible and 
fixed position, adjustable, however, to exact parallelism 
with the surface to be sampled. The position at which 
the cut begins is determined by an adjustable stop, 
which sets the length of cut up to the maximum (3 mm) 
possible. The whole bar can be moved forward or 
backward over about 8 mm to cause the tool tip to 
start cutting at the desired point on the sample. 

The specimen—preferably a standard metallographic 
specimen mounted in 1 inch diameter Bakelite to 
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facilitate level polishing, and lightly etched to delineate 
the structure—is mounted with its surface horizontal 
by pressing into cement or plasticene on a holder, 
which is then secured to the stage proper by thumb¬ 
screws through slots to allow for adjustment. The stage 
has two precise motions, at right angles to each other 
and to the direction of motion of the tool. It slides 
laterally on cylindrical guides and is moved by a 
micrometer screw of 0.5 mm pitch. The whole stage 
and lateral movement is mounted on a keyed cylinder 
sliding vertically in the main frame and can be raised 



Fig. 2. Schematic cross section of microshapcr. 


by another micrometer screw of 1.0 mm pitch working 
directly against the base plate. Both micrometer screws 
have large heads, graduated in 100 divisions. No front 
and back motion is provided on the specimen as this 
is provided for in the tool motion and does not need 
extreme precision. 

A binocular microscope at about 45° permits the 
operation of the tool and removal of the clip to be 
watched. In taking a series of cuts the specimen is 
raised slowly by the vertical micrometer until it just 
touches the tool as the handwheel is turned to cut. 
Leveling is adjusted if necessary, then the specimen 
further raised to give the desired depth of cut and the 
first cut taken. The specimen can then be moved 
laterally any desired amount and a new cut taken. 
When a cut is desired in a particular location, the exact 
positioning of the specimen is best done Vy the use of 
a toolroom microscope focused vertically on the speci¬ 
men, the cross-hairs in the eyepiece being adjusted 
against a trial cut and used to locate the specimen for 
subsequent ones. 

The sample renioved by this shaper is in the form of 
a single chip if the metal is reasonably ductile. In 
general, cuts about 0.02 mm wide and 1 mm long 
(giving chips weighing about 3 micrograms) are pre- 
fened, although satisfactoty analyses have been ob¬ 
tained on as little as 0.1 microgram. Nothing is gained 
by chips heavier than 50 micrograms. It is difficult to 



Fig. 3. Specimen holder for centrifuge. 


(1) Centrifuge arm 

(2) Pin vise 

(J) Aluminum housing 

(4) Quaru fiber 

(5) Sample 


(6) Capillary 

(7) Capillary supporting sleeve 
(g) Capillary expulsion spring 
(9) Spring retaining plug 

(10) Cap 


take extremely short cuts, for the tool does not immedi¬ 
ately cut a full-width furrow. In a ductile metal the 
chips are heavily deformed and are much shorter and 
thicker than the furrow. There is some building up of 
ridges on the edges of the furrow and cuts closer 
together than about 0.02 mm cannot be obtained with 
accuracy. 

A great deal of trouble was encountered in handling 
the chips until the following technique was developed, 
and even then the loss of critical samples was not 
unknown. The specimen must be electrically grounded 
to the frame of the machine, or the chip will become 
charged and stick to the diamond in awkward spots. 
The cams must be adjusted to lift the tool out of the 
sample while it is st^ moving forward and cutting, 
otherwise the chip will remain attached to the sample. 
With skill and practice chips can be made to lie at the 
end of the furrow or to remain loosely held on the tool 
tip. All trace of grease must be avoided. The chips are 
then picked up on a 0.(X)5-inch tip drawn on a quartz 
rod about 0.02 inch in diameter. This is held in a pin 
vise and given a charge of static electricity by rubbing 
with silk, or by picking the charge off a larger and more 
easily charged rod. The chip is thrown off the rod into 
a thin-walled capillary by means of a centrifuge, using 



Fio. 4. Composition of annealed diffusion couple lormd 
between copper and o-btass. Points represent resujts on two 
series of cuts, 0.02 mm wide and 0.25 or 2.0 mm long <0 and 
re^Mctively). Chips analyzed weighed about 0,2 atu) 2.0 ihkto- 
grams, re^^tively. 
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the holder shown in Fig. 3. About 500 G is ample to 
transfer the specimen, which is easily seen at the 
bottom of the capillary, 

METHOD OF ANALYSIS 

The best of sampling is useless without sufficiently 
sensitive and accurate analytical methods. The use of 
precision lattice parameter measurements will generally 
prove the simplest for quantitative measurements on 
the micro-chips though it is limited to binary solid 
solutions in which the lattice parameter is a sensitive 
function of composition. For multiphase or multi- 
component alloys x-ray methods are less satisfactory 
and often useless, and the more cumbersome micro- 
colorimetric or spectrographic methods may be neces¬ 
sary. 

Annealing of the heavily cold-worked chips is gener¬ 
ally necessary before x-ray analysis. The capillary 
containing the chip is evacuated with a mechanical 
pump and a small length containing the specimen is 
sealed off with a pin-point flame. The tiny capsule and 
its contents are then annealed at a temperature that 
will give sharp diffraction lines but not allow much 
grain growth. The final stage consists of breaking open 
the capillary in a steel “diamond’' mortar and picking 
the annealed chip out of the debris on a slightly greased 
0.001'D.002-inch diameter tip on a quartz rod which is 
transferred directly to the camera. The need for a 
sufficient number of grains to give smooth measurable 
diffraction lines is one of the factors limiting minimum 
specimen size. It is for this reason that the large negative 
rake is used on the cutting tool, for this gives severe 
deformation of the metal in the chip so that it will 
recrystallize at a low temperature and to a very fine 
grain size. Brittle materials which give fairly strain-free 
powder on cutting usually give satisfactory patterns 
wit^hout annealing. The powder is picked up directly 
from the surface of the specimen by a greased^fiber and 
transferred to the x-ray camera. 

The x-ray diffraction patterns are obtained using a 
9 cm Bradley type camera* as modified by Zachariasen, 
This camera has a rotating specimen holder with three 
mutually perpendicular adjustments, enabling the speci¬ 
men to be placed on the axis of rotation and in the 
center of the x-ray beam and camera. The adjustment 
is made while observing with a ISX toolroom micro¬ 
scope. The camera is housed in a thermostatted box 
(db0.5®C) and is evacuated to about 1 mm pressure to 
minimize fogging due to scattering of x-rays by air. 
Exposures run about 4 to 16 hours—i.e., from two to 
eight times those needed for normal-sized samples. 
The films are indistinguishable from those made with 
laige samples. 

Figure 4 is an example of the results that can be 
obtained with these techniques. It shows the compdsi- 
tions of two independent series of cuts, 0.02 mm wide 

^%«dley, Lipion, Fetch, J. Sd. Inst. 18,216 (1941). 
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and 0.25 and 2 mm long, respectively, which were taken 
on a small diffusion sample composed of copper and 
alpha brass pressure-welded together and annealed for 
34 days at 800°C. Using the Bradley and Jay cos*^ 
extrapolation, correcting for film shrinkage by the 
Straumanis method,® the error was estimated to be less 
than 0.0005A, or one-quarter weight percent of zinc. 

In another experiment it was shown that there was 
no detectable difference in composition between samples 
0.02 mm wide by 0.7 mm long cut from the grain 
boundary of 3 mm grain-size bronze containing 1.4 
percent tin, and others cut from positions progressively 
removed from the boundary. The lattice parameters in 
this case were determined using a modification devised 
by J. B. Hess of Cohen’s extrapolation. The probable 
error of the tin determination was 0.1 atomic percent. 

It is believed that the device will prove especially 
useful in studying intermediate phases formed by 
diffusion. It. is possible, for example, to make a diffusion 
pair, anneal to produce intermediate layers of all the 
phases capable of existence at the annealing tempera¬ 
ture, and then to sample them all and determine their 



Fig. S. Width of cut with j^ravity-loaded tool w. (A) load on tool; 
(B) relief angle. 


Structure and parameter variation—all this on a single 
specimen. 

Prior to the construction of the micro-planer with a 
positive feed, use was made of a gravity-loaded diamond 
tool on a dividing engine. The width of cut varied 
greatly with hardness of the metal, grain orientation, 
and other factors. Unless the tool was lowered into 
f)osition extremely slowly, the initial dent was more 
important in determining the cut width—even in long 
cuts—than the stationary load. Some data on cut width 
as a function of load and tool orientation may, however, 
be of interest, and are summarized in Fig. 5. 

In cases where a sample is to be taken from a small, 
nearly equiaxed area, drilling is preferable to the use of 
the shaper. We have had good results with a simple 
preliminary device using a jeweller’s pivot drill, re¬ 
sharpened to a symmetrical pointed chisel edge. This 
is held in a pin vise mount^ in a cylindrical shank 


• M. J. Buerger, X-Jtey CrysktUegri^phy (John Wiley and Sons, 
Inc., New York, 1942), p, 411, 
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sliding in a well-fitted bearing in a frame which also 
holds a two-way adjustable slide for the specimen. The 
pin vise shank has a knurled head and is held up by a 
light spring. It is depressed by hand until it strikes the 
specimen surface and given one or two twists under 
manual pressure, taking care to withdraw the drill 
while still turning. A fixed microscope with cross-hairs 
locates the specimen under the drill point. The manner 
of handling the chips is identical with that descril)ed 
above. Areas down to 0.15 mm in diameter have been 
sampled with the present device. Drilling at a low 


speed with a fairly deep cut is to be preferred to high 
speed drilling^ as it gives chips rather than powder. 
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Analysis of the characteristic curves of transistors shows that the negative resistance necessary to the 
functioning of a trigger circuit exists in the base circuit of a transistor. A trigger circuit may therefore be 
formed by iilserting a resistance of proper magnitude in series with the base. Such a circuit has the advantages 
over vacuum-tube circuits of much shorter triggering time, simplicity, small siae, absence of filament 
power supply, and low operating voltage. The rise and fall times of the output voltage arc less than 0.1 
microsecond and the circuit is stable from aero triggering frequency up to the maximum frequency used. 
Although the circuit has been tested only up to 1 Me, an up{>er limit of at least 10 Me is probable. An 
output voltage of 5 or 6 volts may be readily obtained. Like other types of trigger circuit, the transistor 
circuit may be converted into a relaxation oscillator or a pulse generator. 


T he triggering speed and maximum frequency at 
which vacuum-tube trigger circuits can be oper¬ 
ated is limited by circuit and interelectrode capaci¬ 
tances. The very low interelectrode capacitances and 
small size of transistors^ therefore suggest that these 
devices may provide considerable improvement in 
maximum frequency limit and in output wave form of 
trigger circuits. 

Because the operation of all trigger circuits depends 
upon the presence of a circuit element having negative 
variational resistance, the simplest way in which to 
determine the manner in which a transistor should be 
used in such a circuit is to determine from the char¬ 
acteristic curves how the electrode voltages must be 



Fig. 1. Transistor native- 
resistance circuit. 


(1^9)^* J* N. Shive, Electrical Engineering 68, 215 


varied in order to produce a negative variational 
resistance.^ The curves show that in the proper ranges 
of operation a small increment of voltage applied in 
the base lead, as in Fig. 1, produces a current increment 
in opposition to the voltage increment and that a 
negative variational resistance therefore exists at the 
point of application. 

Figure 2 shows a curve of base current / vs, voltage E 
obtained in the circuit of Fig. 1 at zero emitter supply 
voltage El and a collector supply voltage Et of -2.5 
volts. This curve was derived graphically from meas¬ 
ured curves of collector current vs, emitter current at 
constant values of emitter voltage and at constant 
values of collector voltage. The effect of variation of 
collector voltage upon the currents is so small in 
comparison with the effect of variation of emitter 
voltage that little error results from assuming the 
collector voltage to be constant and obtaining the curve 
of Fig. 2 from the constant-collector-voltage curve of 
Fig. 3. (Variation of collector voltage raises the mini¬ 
mum'slightly in the curve of Fig. 2 and displaces the 
minimum toward the right.) The minimum of the curve 
of Fig. 2 is lowered by an increase in the magnitude of 


/Jn’ ApfdkaUans ef Ekckm Tifte 

^cGraw-HiU Bex^ Company, Inc., New York, BH4), second 
edition, See. lO-L ^ 




TRANSISTOR TRIGGER CIRCUIT 


587 


•ma e 



Fio. 2. Curve of base current / vs. base voltage E at aero 
emitter supply voltage Ei and a collector supply voltage £3 of 
—2.5 volts. 


Anal 3 ^is of trigger circuits from a somewhat different 
point of view indicates that triggering is possible only 
in circuits having positive feedback. Becker and Shive 
have shown that positive feedback is produced by a 
resistor in the base lead.* 

Introduction of resistance in series with the emitter 
causes the variation of emitter voltage with base voltage 
£ to be decreased, and introduction of resistance in 
series with the collector causes the variation of collector 
voltage to be increased. With series resistance in either 
circuit the path of operation no longer approximates a 


the negative collector supply voltage Although the 
resulting increase of slope in the negative-resistance 
region is desirable, the high emitter and collector cur¬ 
rents are likely to damage the transistor.* Since points 
in the curve of Fig. 2 at which the slope is negative 
correspond to points at which the magnitude of the slope 
of the curve of Fig. 3 is greater than unity, the region of 
operation in which negative variational resistance is 
possible may be determined by inspection of a family 
of constant-collector-voltage curves. 

Triggering of the circuit of Fig. 1 should be made 
possible by the addition, in series with the voltage JS, 
of a resistance /?, if the value of 1/R is less than the 
maximum magnitude of negative slope of the curve of 
Fig. 2, i.e., if R exceeds the minimum value of negative 
variational resistance. This fact is shown by the 
multiple intersections of the curve with the load line 
AfN, which passes through the point on the voltage 
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Fxo. 3. Curve of collector current It vs. emitter current h at 
constant collector voltage of —2.5 volts. 

axis corresponding to the voltage E and has a negative 
slope equal to the reciprocal of the circuit resistance R.* 
If the value of Jt is properly chosen, multiple inter¬ 
sections, and hence triggering, are obtained even when 
E is sera The minimum magnitude of negative resis¬ 
tance for the curve of Fig. 2 is approximately 625 ohms. 
Triggering should tberdfore be possible for values of R 
greater than this value. These predictions are verified 
e:q>taitnen tally. 

*l!hs us ef ooatiauon cunsnts of nsgnitudet cwrsspwdiQg 
^ 2!^ amedahly to iM right of riis minimum of the curve 

wi ,9^4 m w BOC ClBWITOflliligig* 


Fig. 4. Transistor trigurr 
circuit 



curve of constant collector voltage, but instead a curve 
that has smaller slo^ie and cuts through the curves of 
constant collector voltage. As a result, the minimum of 
the curve of Fig. 2 is raised and may even disappear. 
An emitter resistance of a hundred ohms or less may 
eliminate the negative resistance and thus prevent 
triggering. The introduction of a resistance of as much 
as a thousand ohms or more into the collector circuit, 
on the other hand, has a much smaller effect upon the 
curve and does not prevent^ triggering. 

Because the base current*is equal to the difference in 
the magnitudes of the emitter and collector currents, 
relatively small output voltage is obtained across the 
base resistor. A change of 5 volts or more may, however, 
readily be produced across a resistor in the collector 
circuit, as shown in Fig. 4. In order to keep circuit 
time-constants small, it has been found desirable not to 
exceed collector circuit resistance of approximately 
1000 ohms unless high output voltage is essential. 

The triggering impulses may be introduced either in 
series or in parallel with the base resistor. If series 
input is used, the input source works into a relatively 
low resistance equal to the difference between the 
magnitudes of the base circuit resistance and the 
instantaneous negative resistance. If parallel input is 
used, the input source works into a conductance equal 
to the difference between the magnitudes of the con¬ 
ductance of the base resistor and the instantaneous 
native conductance. Although the smaller loading of 
the driving source with parallel input is advantageous, 
the shunt capacitance of the source increases the 
triggering time and thus limits the maximum triggering 
frequency and distorts the output waveform. 

Althoufj^ on attempt has not yet been made to 
determine the upper frequency limit of triggering, a 
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breadboard” model of the circuit of Fig. 4 in which no 
effort was made to minimize circuit capacitances and 
inductances was not at all critical in adjustment and 
required no readjustment from zero frequency up to 
the maximum value used, 1 Me. The triggering time, 
determined by an oscilloscope across the collector 
resistor, is about 0.1 microsecond. Reduction of circuit 
capacitances, which included the input capacitance of 
the oscilloscope, should reduce the triggering time 
appreciably. There appears to be considerable likelihood 
that the circuit can be made to trigger reliably at 
frequencies up to the 10-Mc limit observed in the use 
of transistors in amplifiers. The output voltage change 
for the circuit parameters shown in Fig. 4 is approxi¬ 
mately 6 volts, but this value can be increased by the 
use of greater output resistance and higher supply 
voltage. The input-pulse voltage required to trigger 
the circuit is approximately 1 volt. Examination of 
Fig. 2 shows that the required input-pulse voltage can 
be reduced by adjusting the circuit parameters or 
voltages in such a manner as to make the maximum 
magnitude of slope of the current-voltage curve more 
nearly equal to the reciprocal of the base resistance R. 

Negative transistor resistance can also be obtained 
between the collector and the base if the collector is 
coupled to the emitter. Unfortunately, however, the 
coupling circuit must have low resistance because of 
the high emitter current. Since the high positive con¬ 


ductance of the coupling circuit shunts the effective 
negative conductance of the transistor, the net con¬ 
ductance is small in magnitude and usually positive. 

In addition to improved output wave form and a 
probable higher frequency limit, advantages of tran¬ 
sistor trigger circuits over vacuum-tube circuits include 
their extreme simplicity, small size, absence of filament 
power supply, and low operating voltage. Like other 
trigger circuits, the transistor trigger circuit can be 
readily converted into a relaxation oscillator or a pulse 
generator by adding circuit capacitance in such a 
manner that triggering is followed by exjwnential rise 
or fall of potential of one or more electrodes.* In the 
circuit of Fig. 4 this may be accomplished by connecting 
a capacitor between the collector and ground. Since 
sustained sinusoidal oscillation may occur if a parallel 
resonant circuit is shunted by a negative conductance 
of magnitude greater than that of the circuit conduc¬ 
tance, the circuit of Fig. 4 may be converted into a 
negative-resistance sine-wave oscillator by replacing 
the cathode resistor by a parallel resonant circuit.* An 
advantage of the transistor circuit relative to a tube 
circuit in this application is the relatively high magni¬ 
tude of negative conductance attainable at supply 
voltages of only a few volts. 

*H. J. Reich, Theory and Applicaiions of Electron Tubes 
(McGraw-Hill Book Company, Inc., New York, 1944), second 
edition, Secs, 10-8, 10-10, and 10-17. 
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The objective of the work d^ribed here has been the development of cloud-chamber apparatus for use 
with new high energy pulsed accelerators, such as the present lOO-Mcv betatron and the 300-Mcv synchro¬ 
tron now being constructed by the General Electric Company. The present cloud chamber is operated al 
a repetition period of about 5 seconds. An “ovcrcomprcssion” step in the cloud-chamber cycle causes old 
tracks to be evaporated by momentary heating of the gas through compression. A pulsed magnetic field 
of 12-mtlliseconds duration is used with this cloud chamber. The field is produced by discharging capacitors 
through Helmholtz coils. With these short current pulses, strong fields (20,000 gauss or more) are obtainable 
at fast cloud-chamber recycling rates with relatively small heating of the coils. 


I. INTRODUCTION 

HE new high energy accelerators impose some 
new requirements on the cloud-chamber equip¬ 
ment associated with them and also permit the use of 
some new techniques. These accelerators are character¬ 
ized by short radiation pulses and by repetition rates 
which are fast compared with those of cloud chambers. 
The 100-Mcv betratron of The General Electric Com¬ 
pany, for example, can be used to generate x-ray pulses 
of about S- microsecoods duration* at a rate of 60 pulses 
* G. C. Baldwin, private ccmunumcatioii. 


per second. Owing to the short radiation pulse length, 
it is possible to use, with the cloud chamber, a pulsed 
magnetic field of short duration. Short field pulses of 
large amplitude can be obtained with non-ferromagnetic 
coil structures at relatively fast repetition rates. The 
low duty cycle of the exciting current leads to a small 
heat dissipation in the coils. Since these coils arc much 
smaller and lighter in weight than ferromagnetic 
structures, the cloud-chamber equipment can be 
assembly as a compact and portable unit. 

It is desirable, in i^eral, to have a doud chamber 
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with St fast recycling rate in order to accumulate data 
rapidly. The fast recycling rate which has been obtained 
with Uie overcompression technique makes it possible, 
in our case, to take advantage of the fast repetition 
rate of the pulsed magnetic held. 

In order to gain full advantage of the use of this 
type of cloud chamber, it is necessary to minimize the 
la^r of measuring the curvature of the flacks. We 
have developed an instrument which has provided 
measurements with better accuracy and at a faster 
rate than we have been able to obtain by comparing 
the tracks with curves of known radii. This instrument 
is described in a separate note.® 

n. THE CLOUD CHAMBER 

In order to increase the cloud-chamber repetition 
rate, it is necessary to dissipate old tracks rapidly. This 
must be done by a method which gives tracks of good 
quality. By introducing an additional step in the 
conventional cycle of cloud-chamber operation, causing 
a momentary ''overcompression’’ of the filling gas, we 
have increased the repetition rate without altering the 
other characteristics of the chamber. The nature of 
the filling gas, the strength of the clearing field, and 
the timing of the various steps in the cycle are subordi¬ 
nate factors in its behavior at fast recycling rates. 

Design Considerations 

From the physics of drop formation in a cloud 
chamber,® it can be inferred that, with moderate heat¬ 
ing, the old drops in a cloud chamber can be evaporated 
rapidly to such a size that a strong clearing field can 
remove them. This heating can be obtained by de¬ 
creasing the volume of the cloud chamber from its 
expanded value to a volume less than that which exists 
just prior to expansion. The cycle involves a conven¬ 
tional adiabatic expansion, followed by an adiabatic 
overcompression and a relatively slow return to the 
initial volume. The expansion ratio required is nearly 
the same as for a chaml^r operating in the conventional 
way. An overcompression ratio^ about equal to the 
expansion ratio is satisfactory in most cases. The 
movement of the cloud-chamber piston required for 
this cycle is accomplished with a mechanism using 
compressed air to drive auxiliary pistons which are 
coupled to the cloud-chamber piston. 

The nature of the filling gas influences the limiting 
conditions d operation at increased repetition rates. 
It is desirable to use a gas with high ion mobility and 
good thermal conductivity, for most rapid clearing and 
for maintenance of thermal equilibrium. A monatomic 
gas is preferred because of the smaller expansion ratio 
required. 

® E. It Gaerttner and M. L. Y«atcr, in press. 

N. Du Gupta and S. K. Ghosh, Rev. Mod, Phys. 18, 

^ By overcompression ratio is meant the difference between the 
Qormel and overcompressed volumes, expressed u a fraetkm of 
the hotasl vokine. 


The clearing field should be as large as possible 
without producing spurious ionization. This is desirable 
because the droplets can never be completely evapo¬ 
rated by overcompression; hence some fairly heavy 
ions must be removed from the chamber. 

The timing of the chamber is empirically adjusted 
to provide optimum growth time for the tracks and to 
maintain go^ thermal equilibrium. 

The size of the cloud chamber is fixed by practical 
limitations on the size of the field coils in the present 
case. Small field coils are desirable in order to have a 
small amount of stored energy in the field. We have 
arbitrarily chosen an inside coil diameter of nine inches, 
as a compromise, which requires a stored energy readily 
obtainable with a capacitor bank of reasonable size and 
will accommodate a fairly large cloud chamber. 

Owing to the rapid change of magnetic flux in the 
present chamber, the large structural parts near the 
coils must be non-conducting. Suitable materials for 
these parts are textolite and polystyrene. 

Physical Characteristics of the Cloud Chamber 

A functional diagram of the present five-inch cloud 
chamber is shown in Fig. 1. A photograph of the 
chamber is shown in Fig. 2. In Fig. 3 the field coils 
are shown in place. The cylinder surrounding the coils, 
and the box above the coils, shown in Fig. 2, form a 
light-tight and thermally insulating structure around 



Fig. 1, Ftmctiooal diagram of cloud chamber, with field coils. 






Fig. 2. Photograph of complete cloud chamber assembly, including Fio. 3. Photograph of field coils mounted on cloud chamber, 
camera, optical system and insulating enclosure. with insulating enclosure removed. 



Fio. 4. Typical electron tracks obtained with the cloud chamber. Ihe filling gas consists o^ equal parts of helium and ixgo% with 
equal paru of water and ethyl alcohol added. The repetitbn rate is one expansion every six seconds. The duunber if irndiafisd with 
arrays from the lOO-Mev betatron. This picture shows a pair formed In die gas by a beam of g-rays l-indi in crow lemoufdie bwun 
ti admitted to the diamber through a thin sluminum wiiwiow. 
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Fio. S. Electron tracks observed with the chamber expanding every two and one-hall seconds. There is no magnetic field. The primary 
x-rays are from the betatron. The filling gas contains helium and argon in the ratio of three to one. 


the chamber and stereoscopic viewing system. The 
boxes at the sides of the chamber contain the dashlamps 
and part of the lamp trigger circuits and complete the 
light-tight structure which houses the optical system. 
The pneumatic driving mechanism is visible at the 
bottom of the structure. The whole cloud-chamber 
assembly, with field coils, is mounted on a mobile 
carriage. 

The mechanical operation can be summarued as 
follows: A conventional glass cylinder and glass top 
plate, held together by the plastic structural rings as 
shova in Fig. 1, are u^ wi^ a piston and diaphragm 
in the usual cloud chamber arrangement. The piston 
is held in the starting position by the force of the air in 
the compression chamber (/). This force is made 
sufficiently large to overcome the force on the cloud- 
chamber piston produced by the difference in pressure 
between the cloud-chamber gas and the partially 
evacuated chamber (ff); but it is not great enough to 
overcome the force on the expansion adjustment nut 
(ff) produced by the air pressure in the holding chamber 
(Cr). The cloud-chamber piston, therefore, assumes a 
rest position determined by the expansion adjustment 
nut bearing against the holding-chamber'piston. 

To expand the chamber the solenoid-operated valve 
(IC) k released and the cloud-chamber piston drops to a* 
position determined by the expansion dashpot (C). 

To oVKCompress the diamber after the expansion, 

(iQ k4l)lsd and immediately afterward the soknoid- 


operated valves (/) and (F), which are normally dosed, 
are opened simultaneously. The air from the reservoir 
(L) rapidly forces the cloud-chamber piston to the 
upper f>osition determined by the overcompression 
dashpot adjustment (£). This position is above the 
starting position fixed by the holding chamber. To 
return the cloud-chamber piston to the starting position, 
the valves (J) and (F) are closed and the air pressure 
in the holding chamber forces the piston down to the 
starting point, completing the cyde. 

Cloud-Chamber Performance 

The cloud chamber described above, operating at a 
period of five to seven seconds, has been used with the 
100-Mev betatron and 70-Mev synchrotron to take 
about 80,000 photogn^hs of electron tracks. A typical 
picture of electron tracks from this group is shown in 
Fig. 4. 

Testa have been made at faster r^tition rates. 
With an interval of one second between .expansions, 
the chamber is not uniformly sensitive; the new tracks 
ate recognizable, however, at each expansion. With an 
interval of two and one-half seconds the tracks appear 
to be satisfactory. A picture taken at this rate is 
shown in Fig. 5. 

The improvement offered by the overcompression 
technique can be shown by a comparison of doud- 
ebamber photographs taken with and without over- 
compression. An example of this is illustrated in Fi^.^6^ 
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Fu*. fta 



which shows the behavior of the chamber when a large 
number of tracks is present. The time between expan* 
sions is seven seconds. The filling gas is the mixture 
used by us most extensively, consistmg of equal parts 
of heUum and argon at atmospheric pressure plus equal 
parts (by liquid volume) of ethyl alcohol and water. 
For one picture in each group the chamber is strongly 


irradiated with a pulse of x-rays from the 100-Mev 
betatron. For the remaining pictures in each group the 
chamber is not irradiated. Without overcompression, 
the tracks formed in the first expansion are still dis- 
oemible in the third picture, and not until the tweUth 
picture is the chamber as clear as bdfore irradiation. 
With ovetcompression, the first picture taken after 
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Fio. 6. Representative 
pictures from sequences of 
cloud-chamber photographs 
which were taken to show 
the effect of overcompres¬ 
sion on the rate of clearing. 
The filling gas is helium and 
argon in equal parts; the 
interval between expansions 
is seven seconds; the mag¬ 
netic field is 4000 gauss. 
One sequence was taken 
wi thou t overcompression 
and one with oveTCom])res- 
sion. For the first expansion 
only in each sequence, the 
chamber was strongly ir¬ 
radiated with x-rays from 
the 100-Mev betatron, using 
the same intensity in each 
case, as shown in a. Picture 
b shows the residue of old 
tracks on the second expan¬ 
sion without overcompres- 
sion, traces of which remain 
until the twelfth expansion. 
Picture c shows the rela¬ 
tively slight residue of old 
tracks on the second expan¬ 
sion with overcompression; 
the chaml>er is completely 
clear on the third expansion 
in this sequence. (Parts (a) 
and (b) are on page 592.) 



KlG. 6c 


the one showing irradiation is fairly clear, and the 
clearing is complete in the next picture. 

For operation at intervals shorter than about five 
seconds it seems advisable to use a filling gas consisting 
mostly of helium. Tests made with various mixtures of 
helium and argon indicate that for the most rapid 
operation, the best clearing of old tracks is obtained 
with pure helium. Sequences of pictures similar to those 
of Fig. 6, taken with a filling of pure helium and a 
repetition interval of six seconds, show that even 
without overcompression the chamber is completely 
clear by the fourth expansion after irradiation. This is 
to be compared with the twelve expansions required 
when the filling was half argon. 

The cloud chamber appears to be free of turbulence. 
Maintenance of suitable thermal conditions is favored 
by the following characteristics of the equipment: (1) 
the heat dissipation in the magnetic field coils is 
relatively small, (2) the housing about the chamber 
and coils is well insulated and can be thermostatically 
regulated, (2) the net heat flow owing to expansion and 
overcompression can be controlled by adjustment of 
the timing. The data indicating the essentially turbu¬ 
lence-free character of the chamber are (1) observation 
of straight tracks such as those of Fig. 5, (2) observation 
of electron tracks which describe complete circles in a 
nia^tic field, (3) measurement of the difference iir 
radius of curvature along different sections of the same 
track curved in a magnetic field. The latter affords 
statistical evidence because the conditions can be 


chosen so that the effect of scattering‘s in the gas is negli¬ 
gible. Using the instrument® previously mentioned for 
measurement of curvature, we have looked for a change 
in curvature along tracks of electrons with energies near 
25 Mev. These tracks are formed in a filling gas con¬ 
taining helium and argon in equal parts, with a field 
of 4000 gauss. The repetition interval is seven seconds. 
The average difference in the measured value of the 
sagitta for two over-lapping sections of a track (the 
track length is 8.4 cm and the chord used is S.l cm) is 
0.0075 cm. This is about equal to the discrepancy 
between repeated measurements of the same section of 
track. The effect of turbulence is therefore less than 
other factors contributing to the error in curvature 
measurement,® such as track width and droplet spacing 
along the track. 

A timing sequence® which has given good electron 
tracks at intervals of five to seven seconds is the 
following: droplet growth time, 200 milliseconds; inter¬ 
val from beginning of expansion to start of overcom¬ 
pression, 300 milliseconds; time during which chamber 
is overcompressed, 500 milliseconds; time of return 
from over-expanded position, about two seconds. 


• The criterion for evaluating the scattering has been given by 
H. A. Bethe, Phys. Rev. 70, 821 (1946). 

•The instrumental error is discussed in reference 2. 

^ In the present arrangement, timing is accomplished through 
the use of mulUvibrator delay sta^. Timing adjustments are 
facilitated by displaying the multivibrator signals on an oscillo¬ 
scope having a spedaT sweep ciremt which provides several 
paiiUlel traces, one above the other, to give an expanded time 
sade. 
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m. PULSED MAOmmC field EQDIPMEHT 

This apparatus provides a magnetic field in the form 
of a half-sine wave of 12-milliseconds duration. The 
field is s}mchronized with the accelerator so that it 
reaches its peak value when the radiation pulse occurs. 
We have operated the field equipment automatically 
at peak fields of 4000, 11,000, and 16,000 gauss,* at 
rates of five seconds, 12 seconds and 30 seconds per 
cycle respectively. Fields up to 20,000 gauss have bwn 
produced during brief tests. For sustained operation 
at levels above 16,000 gauss, the present capacitor 
bank of 100 units should be increas^. Peak fields of. 
33,000 gauss can be provided at ten second intervals, 
for example, with 400 capacitor units,’ with minor 
additions to the present charging equipment. 

Fields of larger amplitude can be produced in this 
way, but it seems desirable first to explore the possi¬ 
bility of replacing the capacitor bank with a rotating 
machine'* for energy storage, with suitable changes in 
the auxiliary equipment. The ultimate limit on field 
strength is probably fixed by the mechanical strength of 
the coils rather than by the energy reservoir. 

The coils now used can accommc^te a cloud chamber 
with an inside diameter of eight inches. With fields up 
to 33,000 gauss this size of chamber appears adequate 
for use with the 300-Mev synchrotron now under 
construction in Schenectady. 

Coil Design 

The energy E which must be stored in the capacitors 
to provide a peak induction B at the center of a 
Helmholtz arrangement consisting of coils of mean 
radius a can be evaluated approximately from the 
following equation: 

£^2.5(L/n’)fl*o’-f losses during rise of pulse. (1) 

In this equation Z, is the inductance in henrys and m is 
the total number of turns; E is expressed m joules, B 
in gauss and a in cm. For the geometry used, £./n* is 
roughly proportional to a. Therefore, the stored energy 
E is determined essentially by and the Q of the 
circuit. 


' These measurements are baaed on a primary calibration of 
the field pulses nuule with a search coil and oallistic galvanometer. 
(C/., P. ^pitza, Proc. Roy. Soc. AllS, 658 (1927). Peak field 
measurements made in this way are accurate to better than one 
percent. 

' This assumes that the capacitor voltage is allowed to change 
polarity during the discharge. If the polarity is not allowed to 
change, the capacitors can be operated at twice the rated a.c. 
voltage, and only one-fourth as many units are needed for the 
same field. The capacitors now used are the Pyranol-treated 
capacitors often used for power factor correction. Each unit 
weighs about 45 pounds, has a volume of about one-half cubic 
foot, with a capacitance of lO.S microfarads. Tliey can be oaerated 
at a.c. peak voltages up to 7 kilovolts and can sustain higher a.c. 
^tages for short periods. These capacitor units can be mounted 
m compact assemblies for the present application, since the heat 
mnpated in them is negligiUe at the repeUtioa frequoicies used 
with the cloud chamber. 

P. Kapitsa, Proc. Roy, Soc. AllS, 658 (1927). 


The most efficient ose the stored energy can be 
obtained with ooHs of small radius, since the maximum 
particle energy whkh can be measured is proportional 
to Ba. One further considoration, however, is that the 
Q of the coils decreases with decreasing radius. A final 
design must, therefore, be a compromise which takes 
into account energy storage, heat dissipation in the 
coils, and a practical lower limit to the cloud-chamber 
diameter. 

The field coils which we have been using are shown 
in the photograph of Fig. 3. Each coil has an inside 
diameter of 9 inches, a mean radius of 6.25 inches and 
a 3.5-inch square cross section. The separation between 
the coils is 2 inches. Each coil is wound with 129 tunu 
of one-fourth inch square double-cotton-covered co{q}er, 
wrapped with glass tape, and impregnated with Pertnafil 
insulating compound. The voltage insulation per coil is 
10,(X)0 volts; additioiuil insulation for 10,(XX) volt surges 
is provided on the first layer of each coil. The inductance 
of the coils is 14 milliheiurys and the Q of the coils is 
31 at the present resonant frequency of 42 cps. 

The uniformity of the magnetic field over the volume 
of the cloud chamber depends on the size of chamber 
and the separation of the coils.'* With a two-inch 
clearance between the coils, the magnetic field is 
uniform to better than one percent over the volume of 
the five-inch cloud chamber discussed in Part 11. 

The heat dissipated in the coils for a magnetic 
induction of 10,000 gauss and a repetition interval of 
five seconds is 230 watts. Water cooling can be provided 
by coils of one-fourth inch copper tubing (not shown in 
Fig. 3) which can be added to enclose each field coil. 

Excitation Equipment 

The basic field circuit consists of the field coils, 
capacitor bank, and switch tube in series. Figure 7 
shows our present mode of operation. The sequence is 
to charge the capacitors, discharge them by triggering 
the ignitron, and then reverse the capacitor voltage 
with a q)ecial mechanically operated switch. The addi¬ 
tional charge required for each cycle is only that lost 
through heat dissipation in the coils, capacitors and 
leads. This apparatus is electronically s)rnchronized 
with the cloud chamber and betatron. 

A switch tube which has the required power rating 
and also affords the necessary precision timing is the 
GL506 ignitron. This tube can operate up to about 20 
kilovolts and 4(XX)-peak amperes in the plate circuit 
(150 amperes average current). The current capacity 
of one of these ignitrons is sufficient for production of a 
field of 33,000 gauss in the coils described above. 

Regulation of the peak voltage of the cspecitors is 
necessary to iitsure a constant amplitude of the mag¬ 
netic field pulses. In our present arrangement, uiiag a 
grid controlled rectifier to charge the capacitors» the 
fidd is repr oducible to better tlum one percent. 

“ A disouiion of field uaiformity for ooiis dt this tape is fiven 
by A. E. Shaw. Rev. 8d. Inst 11,57 (1910); . 
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Fio. 7. Basic circuit for the pulsed magnetic held, showing the 
charge and discharge paths. 

The rate at which the field equipment can be recycled 
depends on the charging circuit. Except for replenishing 
the charge of the capacitors, the time required for a 
complete cycle is about a second (primarily determined 
by the time of reversal of the mechanically operated 
switch). The re-charging rate can be made as rapid as 
desired with a large input transformer and a charging 
rectifier of suflScient capacity. At present we are using 
a ten kilovolt, ten-kilowatt input transformer, and one 
SC22-hydrogen thyratron for the charging rectifier. 
The total capacitance is 1050 microfarads and the 
charging resistance is 8000 ohms. 

IV. SYNCHRONIZING EQUIPMENT 

The synchronizer is an electronic device which limits 
the betatron output to a single pulse of x-rays which 
coincides with the sensitive time of the cloud chamber, 
and also times the magnetic field pulse so that the field 
will reach its maximum value at the time the x-rays 
are generated.“ The operation can be summarized as 
follows. The synchronizer receives a signal from the 
cloud-chamber control circuit a few milliseconds after 
the chamber has expanded, A continuous train of 
signals from the accelerator injection circuit is also 
supplied to the synchronizer; these are the signals 
which ordinarily drive the output stage of the injection 
circuit. As shown in the block diagram of Fig. 8, the 
multivibrator A, when triggered by the cloud-chamber 
signal, provides a gate which is slightly longer than 
the interval between two injection pulses. This gate 
and the injection pulses are applied to a coincidence 
stage In the output of B no signals of appreciable 

The timing can readily be adjusted so that the magnitude of 
the field at the time of the x-ray pulse is within i of one percent 
of its peak value; the field is constant to this accuracy lor 750 
micioseocmda, for the 12-milliaecond pulse length. 



Fio. 8. Block diagram of synchronizer for cloud chamber, pulsed 
field, and accelerator. 

amplitude appear except for a pip, a', which results 
from the simultaneous excitation of B by the gate and 
the pip a (since it is possible for both a and b to fall 
within the gate if a occurs just at the beginning of the 
gate, the primary oscillator is locked in with the line 
voltage used to energize the accelerator). The signal a' 
triggers a multivibrator C, which provides a negative 
gate slightly shorter than the interval between succes¬ 
sive injection signals. When this gate is mixed with the 
original train of injection signals in the coincidence 
circuit Df only the signal b is passed. This signal is used 
to drive the output stage of the accelerator injection 
circuit. 

The gate from C is also mixed in E with a series of 
signals derived from the line voltage. The output of E 
is therefore a smgle pulse which is synchronized with 
the injection signal. This signal from E fires the ignitor 
of the field circuit ignitron. A precision multivibrator 
is also triggered by this signal and provides a delayed 
pulse to trigger the grid of the ignitron. The phase 
shifter F is used to phase these field signals with req>ect 
to the betatron injection signals. 
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The D3maiiiic5 of a Synchrotron with Straij^t Sections* 
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The equations describing the ‘‘betatron” and “synchrotron” oscillations of a particle being accelerated 
in a synchrotron having straight sections are obtained. In particular, the relative increase in the ratio of 
either betatron-osdllation frequency to the frequency of revolution is found to be approximately half 
ratio of the total length of straight sections to the orbit circumference. The effect of magnetic fringing 
fields is considered. With regard to the synchrotron phase oscillation, it is found that the criterion of non- 
relativistic adiabatic damping is no longer that n exceed | but that it exceed } by at least 1 of the ratio 
of the total length of the straight sections to the orbit circumference. 


INTRODUCTION 

HE “racetrack** modification of the synchrotron 
by the insertion of straight sections was proposed 
by Crane' in 1946, and several synchrotrons incorpo¬ 
rating this feature are now being constructed or de¬ 
signed. Dennison and Berlin,® and Serber* have treated 
the effect of the straight sections on the betatron 
oscillations. However, it seems desirable to reconsider 
these oscillations in greater detail and to treat, too, the 
effect of the straight sections on the synchrotron oscil¬ 
lations. Several authors^ have obtained the dynamical 
equations of the various oscillations of the accelerating 
particle in a circular synchrotron, and we shall see how 
they are modified by the straight sections. 


and R/n^ for the vertical, with R the radius of the 
curved sections of the orbit and '—{R/H){dH/dr) 
thereon. Thus, if i is the path length measured from 
the beginning of the circular .section the particle is in, 
its betatron displacement is 

Xk cos(5/X)4- Yk sin(5/X). 

The amplitude of this oscillation is al¬ 

though the maximum may not occur within the circular 
section. On emerging from the k-th circular section the 
particle passes through a straight section of length L, 
Hence, with a«L/X, 

cos©-f F* sin0+aF*+i,| 

Ffc^. 1 *-Xk 8in0+F* CO80, j 



BETATRON OSCILLATIONS 

We shall consider a synchrotron having N straight 
sections of length L ea^, and N circular sections of 
length 360°/^. The betatron oscillation which a particle 
executes subsequent to entering a circular section is 
determined by two initial conditions, most conveniently 
the displacement and the derivative of displacement 
with respect to path length on entering the section. 
The former will be denoted by Xk, with k the ordinal 
number of the section (modulo N), and the latter by 
F*/X, where X is l/2Tr of the wave-length of betatron 
oscillation; X«i?/(1“-»)1 for the horiEontal oscillation 


Table I. Limiting lengths of straight sections for »o0.6 
and non-relativistic injection. 


N 

2 

3 » 

4 

6 

L/R for vertical stability 

0.950 

2.44 

3.70 

6.00 

L/R for radial stability 

2.06 

4.08 

5.86 

9.22 

L/R for phase stability 

4.72 

3.14 

2.36 

1.57 


* Work done under the auspices of the AEC. 

‘ H. R. Crane, Phys. Rev. 69, 542 (1946). 

• D. M. Dennison and T. H. BerUn, Phys. Rev. 69, S42 (1946); 

70,764 (1946). , v 

•• R. Serber, Phys. Rev. 70, 434 (1946). 

‘David M. Dennison and T. H. BerUn, Phys. Rev. 70, 58 
(1946); N. H. Frank, Phys. Rev. 70, 175 (1946), and Chap. M, 
Report T-1, Brookhaven National Ub. (Jan. 15,1948); D. Bohm 
wd L. Foldy, Phys. Rev. 70, 240 (1946); R. Q. Twisa and N. H. 
Frank, Rev. Sd. Inst. 20 ,1 (1949). 


where 0 is the length of one circular section in radians 
of betatron oscillation (©=• (1—»»)*2ir/iV for horizontal 
oscillation and n^2ir/N for vertical). These recursion 
relations are linear and have constant coefficients. 
Hence, like similar differential equations, their solution 
is a sinusoidal function of the independent variable k. 
The coefficient of k in the argument of the sine is Mt 
where*’’ 

cos;<= COS0— §a sin©. (2) 

Thus, the general solution of (1) is of the form 

cos(mA+ 0), F*—5 sin(MA+^). (3) 

However, in order that (3) be compatible with (1), it 
is necessary that 

.4/5=-(l+actn©)* 

and (4) 

8in(^— 1 ^) “ Jo/(l+a ctn©)*. 

As Serber* has pointed out, the motion of the particle 
can be bounded only if m is real. An upper limit on the 
length of the straight sections, exhibited in Table I for 
«“0.6, is therefore imposed by (2). 

Change in Frequency 

With a small, (2) becomes 

-(H-Arz/4rX)e. (3) 
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In this approximation the result is independent of the 
distribution of the straight sections around the orbit* 
If they are distributed uniformly (N infinite), the 
particle motion becomes sinusoidal. The ratio txNtlr of 
betatron-oscillation frequency to frequency of revolu¬ 
tion is increased in the ratio he., by half the ratio 
of the total length of straight sections to the total 
length of curved sections. 

Thus, the values of n are shifted which produce 
resonances* among the two betatron-oscillation fre¬ 
quencies and the frequency of revolution, i.e., those for 
which integers p, q, r exist satisfying a relation 

(2t/N) p+qtMh+ff^v-O, 

The values of n at which the most serious of these 
resonances occur are given in Table II for a circular 
synchrotron, a four-section synchrotron with L/R^\, 
such as the Brookhaven proton synchrotron,* and a 
four-section synchrotron with L/i?=0.76, such as the 
one at Michigan. The necessity of avoiding these reso¬ 
nances has led to the choice of n~0.6 at Brookhaven 
and Berkeley and n^OAS at Michigan. 

A synchrotron with straight sections distributed 
uniformly around the orbit is equivalent to a circular 
synchrotron having the same orbit circumference, i.e., 
of radius R-\-NL/2ir. To be equivalent for horizontal 
oscillations, the magnetic field in the circular synchro¬ 
tron must equal the mean field in the one with straight 
sections on corresponding orbits, displaced from the 
equilibrium orbits by equal distances. It follows directly 
that (1 — ») for the circular synchrotron is (l+NL/2irR) 
times (1-^n) for the one with straight sections. The 
effect of the straight sections is, thus, to increase the 
value of for horizontal oscillations. The foregoing 

result is, therefore, again obtained, since the ratio of 
horizontal-betatron-oscillation frequency to revolution 
frequency in a circular synchrotron is (l — n)*. 

To be equivalent for vertical oscillations, the radial 
component of the magnetic field in the circular synchro¬ 
tron must equal the mean value of the radial field on a 
path the same distance above the median plane in the 
synchrotron with straight sections. Thus, n in the 
circular synchrotron must be as much larger than n in 
the other as the magnetic field is smaller, viz., {l+NL/ 
2irR). Our foregoing result is, therefore, again obtained, 
since the ratio of vectical-betatron-oscillation frequency 
to revolution frequency in a circular synchrotron is w*. 

Amplitude Variation 

If a is not small, the square of the amplitude of 
betatron oscillation, {Xi?+Yj?), varies with time ((3)), 
the extreme values being, say, 

• E. D. Courant, J. App. Phy». 20,611 (1949). See reference 

2 . 

*LivlngsU», Blewett, Oreen, and Haworth, Rev. Sd. Inat. (in 

ptMi). 


Table II. Values of n at which resonances occur. 


\p\ 

Ul 

Ir| 

(circ.) 


a/X-0.76) 

0 

2 

1 

0.80 

0.80 

0.80 

0 

1 

2 

0.20 

0.20 

0.20 

1 

0 

I 

1.00 

0;82 

0.65 

1 

1 

0 

0,00 

0.18 

0.35 

1 

2 

0 

0.7S 

0.80 

0.83 

1 

0 

2 

0.25 

0.20 

0.17 


Given a and 0 and, therefore, we know the ratio A/B 
and the value of (0-“^) ((4)), and so a pair of values 
{Xk, Fjfc) suffices to determine A and B and, particu¬ 
larly,* 

Idbcos© 

^ 2 =:.-[X*-aXF-f(l+actn0)F*]. (7) 

IdbCOSM 

The maximum, occurs when X*/F*“CtnJ0 (and 
the minimum, aJ, which manifests itself through a 
minimum slope on passing through zero displacement, 
when Xjfc/Fjfc*= ~tan^©). Hence, a particle which exe¬ 
cutes such betatron oscillations that it barely strikes 
the wall of the vacuum chamber will do so when k 
reaches a value where Xit/F*—ctn^©. It will be lost to 
the wall, plainly, halfway around the i-th circular 
section. Thus, as scattering by residual gas gradually 
increases particles will be lost near the centers of 
the circular sections. For the Brookhaven machine, the 
maximum amplitude, exceeds the initial amplitude, 
Xi, for the case of parallel injection (Fi=0) by a factor 
of 1.05 for the vertical oscillations and 1.03 for the 
horizontal. 

Gas Scattering 

In connection with gas scattering it is important to 
know the mean-square maximum amplitude of the 
betatron oscillation executed by a particle because of 
scattering through angle 6 in the plane of oscillation 
(horizontal or vertical component), since the allowable 
residual gas pressure for a given percentage loss varies 
inversely with this quantity. In determining the mean 
value it is necessary to average over the possible 
locations at which the scattering can occur, wWch are 
distributed uniformly in path length over straight and 
curved sections, as well as over $, to take advantage of 
the fact that It is necessary only to average 

over one pair of straight and curved sections, but in 
doing so one must extrapolate the oscillation to deter¬ 
mine the values of X and F at the beginning of the 
next (or last) curved section. 

If does not start out from zero before the scatter¬ 
ing but, through scattering, increases from «+* to 
(oq.+dQ 4 .)*f the effect is to add la^jda^+ida^y to «+.*. 
Combining (3) and (7) and averaging with respect to k, 
one finds that the two terms of this increment have 
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equal mean values. Thus, finally, we obtain 

cosH0 

2a^{da+)i^ « - 

cos^Jm 

0 +a(J+i@ ctn©)+a*(ctn 0 —J)+Ja* 
X-. 


particles must be considered. These effects will be 
twofold: distortion of the equilibrium orbit, and changes 
in the frequencies of oscillation about this orbit. 

The equilibrium orbit must have the property that 
the particle is deflected through an angle of 2 ir in one 
revolution, and therefore through 2r/N in goit^ 
through one curved section and its fringing fields. This 
means that we must have 


In our paper on “Scattering of Particles by the Gas 
in a Synchrotron”’ account was not taken of this effect 
of straight sections. The quantity defined there, 
which is the square of the amplitude of betatron oscil¬ 
lation, must be replaced by a+\ Comparing ( 8 ) with 
equation (15) of reference 7, we see that the effect of 
straight sections is to multiply the quantity 17 , which 
determines the percentage loss and which is proportional 
to the residual gas pressure, by the factor 

cos^i© 0 +o(|+i 0 ctn©)+a*(ctn©—i)+ia* 

-X-. (9) 

cos*iM 0+a 

In the limit as the number of straight sections N grows 
infinite, a and 0 go to zero, and this factor becomes 

l+a/9--i+NL/2TR, 

which is just the increase in the effective value of X* 
and agrees with our previous result for the relative 
increase due to the straight sections in the betatron- 
oscillation frequency, provided one takes account of 
the concomitant decrease in the actual revolution 
frequency. 

Fringing Fields^ 


(e/pc) J* Hds’^lw/N, (10) 

where the integral is taken along the portion of the 
orbit passing through one curved section and its fringing 
fields. If we also require that the mean deviation of the 
orbit from the circle be zero, the length of the 
path is (2t/N+2B)R, and (10) becomes 

(2w/N+2B)eH,fi/pc-^ 2ir/N, 

so that 

p^{i+t)eHoR/c, ( 11 ) 

with e= NB/t, is the momentum the particle must have 
in order to be deflected by 2r/N in passing through the 
curved section near the circle r’=^R. The radius of 
curvature of the path of a particle of this momentum 
in the magnetic field Ht is 

p-jed+e). (12) 

The orbit is therefore approximately 1/^ of a circle of 
radius p. The orbit will, of course, not coincide exactly 
with the circle it is easily shown by geometric^ 
arguments that the total radial excursion of the orbit is 

{2NRB/t) 8 in*(ir/ 2 Ar), 


The magnetic fields at the ends of the curved sections 
do not fall to zero abruptly, but decrease continuously. 
Therefore, the effective length of the curved sections is 
not, in general equal to their physical length; let the 
difference be such that a particle of momentum eHttRIc 
traveling along the circle in one of the curved 
sections is deflected through an angle {2t/N+2B). 
(ff Ho at f R.) Then the curved section is equivalent 
to a curved section extending over this angle with no 
fringing field, and the straight sections are effectively 
shortened by 2RB, Up to now we have tacitly assumed 
that this effect has been taken into account in the design 
of the magnet by making the physical extent of the 
curved sections {2t/N—2B), The Brookhaven machine 
has been designed with 88.2° quadrants. However, H 
this correetbn is not made properly, or if the value of B 
varies during the magnetic cycle (which it may do 
because of eddy current and saturation effects), the 
effects of the fringing fields on the motion of the 

/N. M. Bkehmsn and E. D. Courant, Phy*. Rev. 74, 140 
(1948); 7S, 315 (1949). 

* We are indebted to Dr. Lloyd Smith for caUfasg the problem 
of frinsiv fielde to our attenUon. Some of the reiulti of thte 
mwn have idio been obtained by Dr. Smifli and othen at 

BeAatoy... 


which, if r/2N is small, is approximately 

irRB/2N. . (13) 


To obtain the frequencies of betatron oscillation we 
consider the general case of a synchrotron in which the 
magnetic field varies in an arbitrary manner along and 
near an equilibrium orbit. At any point of this orbit the 
radius of curvature is 

p^pdtE, (14) 

and in the vicinity of this point the motion of the 
particle is indistinguishable from the motion in a 
circular synchrotron of radius p. The equations of 
betatron oscillation are, therefore. 


d**/di*» -(l-»i)»/p»,l 


(15) 


where r is the distance traveled along the orbit, ^ is tiie 
radius of curvature at r, t and % are, reqiectivei^, the 
deviations from the orbit in the osculating plane of the 
orbit and perpendicular to that plane, and n is riefined 
by 


n(t) 


p(s) s) 


B($) iix 


( 16 ) 
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In the ca»fe we have considered here, p is given by 
(12) in the curved sections and is infinite m the straight 
sections. Therefore, the effective value of n in the 
curved sections, as defined by (16), is 

««(l+€)»o, (17) 

where na“ —(jR//f)(dff/dx) is the value of n referred 
to the radius J?. This is, strictly speaking, true only if 
Mo in the fringing field is the same as in the curved 
sections. If this is not the case^ but in the fringing 
field, no must be replaced by (»o+««i)/(l+<)j so that 
we have, instead of (17), 

w*=wo*4“<Wi. (18) 

Thus, the synchrotron with a fringing field is equivalent 
to one without a fringing field, but with radius p instead 
of X, n given by (18), and straight sections of length 
{L-2R6), 

The numbers of radians of horizontal and vertical 
betatron oscillations, respectively, per curved section 
with fringing fields are, for small e, 

e*-(2jr/iV)(l-no)‘D-««i/2(l-no)],l 
e,-(2T/iV)»o*(l+»n/2no). J ^ 

If o<Cl, 80 that (5) is valid, we obtain for the ratios of 
betatron-oscillation frequencies to the frequency of 
revolution 

w*/« = (1 - »o) *[1+ NL/47rR 

-«(l-no+»i)/2(l-«o)], (20) 

-f-A^i/4iri?-f-e(wi—Wo)/2»o3' 

Adiabatic Damping 

To a first approximation, at least, straight sections 
do not affect the adiabatic damping of betatron oscil¬ 
lations; both horizontal and vertical amplitudes de¬ 
crease inversely as the square root of the magnetic field. 

SYNCHROTRON OSCILLATIONS 

Synchrotron oscillation involves the departure of 
three quantities from their equilibrium values; the 
energy of the accelerating particle, its radial displace¬ 
ment, and its phase angle, i.e., the extrapolated phase 
angle of the net accelerating field at the time of passage 
through it. Tlie three departures, which will be desig¬ 
nated, respectively, by AE, *, and 0—^, are connected 
by three equations, two of which are unaffected by 

stiai|d>i 

*-(J?/l-f»)(E/(E»-Eo*))A£ (21) 

and 

(d/diXAE/w)- («K/2T)(sin«-sin*o). (22) 

in whkh E and £s are the total and rest energies of the 
pankle, respectively, w is the frequency of the acceler¬ 
ating voltage, « is the charge of the particle, P' is the 

'•;8i ib Craae ^reports (private oopunu^athm) that n is 
aig^k pifts of dM field of 


amplitude of the net accelerating voltage per revolution, 
and ^0 is the equilibrium phase angle. 

The third equation has the form 

(23) 

where 1C is a slowly varying constant, K’^—du/dE, 
u now representing the frequency of revolution of 
the particle. From the relations u=v/(R-\-NL/2r), 
»-c(l-EoVE*)‘, and £*-£o*“ (Eer)*= (EocEV-*)*, 
we have 

£= - io>/v){dv/dE)+lw/iR+NL/2T)2(dr/dE) 

w £?/[(l-«)(l-f-iVL/2irE)]-£o» 

==-. (24) 

E £»-£o* 

Non-relativistically, 

/C- (w/ 2 r)C(l-»)-'( 14 -A^L/ 2 TE)-‘- 1 ], 

with T^E—Eo the kinetic energy of the particle; 
ultra-relativistically, /C=w/£(1 — »)(l-|-iVI,/2TE). 

Limiting Oscillations 

Combining (22) and (23), we obtain the differential 
equation of phase oscillation, 

(d/d/)[(d0/dO/Ew]= (cF/2T)(sin^-sin.Po), (25) 

which allows stable oscillations only up to a certain 
limiting amplitude. During the time required for any 
instability to manifest itself the change in Ku will be 
negligible. Hence, we can obtain a first integral of (25): 

m/diy+U{<f,) = W, (26) 

where 

17(^)»« (/C«eF/2ir)(cos^-|-^ sin^o) (27) 

may be described as the potential energy of the particle 
for synchrotron oscillation, i(d0/d/)* as the correspond¬ 
ing Idnetic energy, and W, the constant of integration, 
as the total energy for synchrotron oscillation. 

If the straight sections are too long—specifically, if 

L/R> (2ir/Ar)C(l-n)->(E.V£o*)-1], 

where E<*Eo+r<,— K is negative at injection, because 
an increase in particle energy then increases its angular 
velocity more than the concomitant mcrease in radial 
displacement decreases it. Later in the acceleration 
cycle, as E increases, K will become positive. At the 
moment when K is passing through zero, U{4) vanishes 
identically, and phase stability disappears. The above 
condition therefore puts a limit on the length of the 
straight sections in addition to the limits imposed by 
the requirement that the betatron oscillations stable. 
This limit is shown in Table I for m» 0.6 with non- 
relativistic injection (£<>b£o). 

The straight sections are seen not to affect the shape 
of U{4) or, therefore, the limiting phase angles of stable 
synchrotron oscillation, which remain r—and ^i, 
with £7(^«i£7(*—For a partide executing the 
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Umiting oscillation, 0o), and ijsing (23), we 

have 

AE^ (2^/K)lU(r-it>o) “ U(4>)y. (28) 

For a particle injected with phase 4>y |A£j must not 
exceed this value if it is to oscillate stably. In view of 
(27), AE is proportional to (caV/K)^ If, in introducing 
straight sections into the synchrotron, o>V is not 
changed, AE is increased, non-relativistically, in the 
ratio [l+(H-«)A^/-/4?ri?«] if NL<K2irR, From (21) 
we see that the amplitude of radial oscillation associated 
with a given amplitude of phase oscillation is increased 
by the straight sections in the same proportion as AK 
The amplitude of the limiting radial oscillation at 
injection (where we may put E^Eq)^ one of the factors 
determining the required radial aperture, is, from (21), 
(27), and (28), 

r (t— 2<^o) sin0o—2 cos^o 

x,=r\ -—--. 

L2r(l-w) (l+NL/2irRr^-(l-n)] 

For the Brookhaven machine, where 150®, the 
phase acceptance range at injection is <^i”h0o“ir= 189®. 
AE is maximum for^-”<^o and at injection is 53 kev, 
while Xi is 8.1 inches out of a useful horizontal semi¬ 
aperture of about 15 inches. 


Adiabatic Damping 


For small oscillations about the equilibrium phase, 
(25) becomes 

{d/di)l{d<t>/dl)/Ki^2^ (eV cos<^o/2ir)(<A-<Ao). (29) 
The W-K-B approximate solution to (29) is 

<^3as^0+^(“ Aw/K COS</)o)^ 

Xi—K(a/V costi>i))r^ sin Jodt, (30) 

where 

f2=(—AweF cos^o/23r)* 

c r eV cos^o 
""r+NL/2A 2tE 




1 


{l-n){l+NL/2rR) 




(31) 


is the frequency of synchrotron oscillation, <l> is the 
initial amplitude of phase oscillation, and the subscript 
i mdicates initial value. In the Brookhaven machine 0 
varies from 2600 cycles per second at injection to about 
1300 c.p.s. at 2.8 Bev. The phase oscillation damps as 


{— Ku>/V cos^o)^* 


X 


(<13 


tan<^o 
EdHoldt 
1 


(l~«)(l+iVL/2ir.R) 




(32) 


for constant J?* Non-relativistically, (32) is 


tan^o 1 

E^Ho/dt[(l-n)(i+NL/2irR) 



—!—)-ir. 

(l-»)(l-fA^Z/2jrie)/£oJ) 


Thus, for non-relativistic damping of the phase oscilla¬ 
tions, it is necessary, if and dH^/dt are constant, that 

n> 1 ~ l/3{l+NL/2irR), (33) 

which becomes the well known «>J for a circular 
synchrotron, with Z,=0. However, if (33) is not satisfied, 
the resultant anti-damping is not serious. At Brook¬ 
haven (»=»0.6) the maximum amplitude of phase 
oscillations will be only 1.018 times the initial ampli¬ 
tude. % 

Ultra-relativistically, the E(?/E? term in (32) van¬ 
ishes. Hence, with <#*o and dHo/dt constant, the ratio of 
final (ultra-relativistic) phase amplitude to initial 
(non-relativistic) phase amplitude is 

{(£D/£)/Cn- (l^n) 2 V£/ 2 iri?]l 1, 

in which E is the final energy, and this ratio is increased 
by the fraction (1—»)AL/87r£n by the straight sec¬ 
tions, There is seen to be very little damping of the 
phase oscillations for a final energy of a few times the 
rest energy. 

The energy spread of the beam is, from (23), Q/K 
times the amplitude of phase oscillation. Ultra-relativ¬ 
istically, l-EeVcos4>oH - n){l+NL/2rR)/2iry, 
The straight sections increase the spread in the output 
energy of the synchrotron by the fraction NL/4tR in 
addition to the increase in final phase-oscillation ampli¬ 
tude which they effect. As above, the ratio of final to 
initial energy spread is 

((£o£/4r,^)[»- (1 n)NL/2TR2\ 

This ratio is 15.0 at Brookhaven, where r,‘»3 Mev 
and £—JSo=2.8 Bev, resulting in a total spread in the 
beam of 1.6 Mev. 

Again, the relation between energy spread and radial 
spread of the beam, (21), is unaffected by the straight 
sections. The latter is increased in the same ratio as 
the former on account of the straight sections. The 
radial synchrotron oscillations may be obtained from 
the phase oscillations by combining (21), (23), and (24): 

x^iR/^){d<t>/dO (34) 

with 

(l+Ar£/2iri?)"^- (l^n)(£oV£?). 

Their dampii^g may then be obtained directly from the 
damping of phase oscillations as given by (32). Thus» 
the amplitude of radial oscillations is (J!0/u>D times 
the amplitude of phase oscillations, if the latter are 
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small, and, therefore, damps as 
({fi/w)(—ATw/F cos^o)* 


constant, while ultra-relativistically it decreases as Er^. 
The ratio of final (ultra-relativistic) to initial (non- 
relativistic) amplitude is 


OC 


Bdlhldt 

{l-n)(i+NL/2irR)Eo^ tani^o 


i 


Hence, non-relativistically the radial synchrotron oscil¬ 
lation amplitude decreases as 7^* if dlla/dl and <t>o are 


{ (l-n)NL/2TR']\^, 

where E is the final energy and 7* the kinetic energy at 
injection. At Brookhaven this ratio is 0.024, resulting 
in a final total beam width of 0.4 inch (plus betatron 
oscillations). 
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Operational Features of a New Electron Diffraction Unit 
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A new electron diffraction unit having a three-lens optical system and a maximum effective specimen- 
to-plate distance of 200 cm is described. The applications of such a system to the study of long interatomic 
spacings is discussed. Wide variations in the area of specimen irradiated are obtainable. An explanation 
is given of the design considerations in such an optical system, with special reference to the functioning 
of the post-specimen lens as both focusing and magnifying lens. The use of the unit as a shadow microscope 
is explained, and the advantages arc given of this instrument over other shadow microscopes with respect 
to increased size of image, increased size of specimen field available for observation, and greater specimen 
protection from damage by the concentrated electron beam. 

The resolution attainable with the instrument is calculated and a *‘resolution index” is defined which 
makes possible inlercomparisons of resolution under various operating conditions. Factors which limit 
accuracy, as opposed to resolution, are discussed critically and the accuracy of data obtainable with the 
instrument is estimated. 

A number of diffraction patterns are shown to illustrate the results obtained under various operating 
conditions as diffraction camera and shadow microscope, and also to illustrate the techniques of charge 
neutralization, spot diameter measurement, and internal calibration of plates using a known specimen. 


INTRODUCTION 

I N a previous paper,^ the authors have described 
some preliminary investigations on high resolution 
electron diffraction, and mentioned that a new diffrac¬ 
tion unit was under construction. This instrument has 
been completed and has been in operation for more 
than two years. It has some unique optical arrange¬ 
ments which have been thoroughly tested, and its new 
features and their operation form the subject of this 
paper. 

Electron diffraction patterns have long been obtained 
with instruments having no lenses.*"^ Unfortunately, 
such systems use a very small portion of the available 
electron beam to produce the electron diffraction 
pattern. Greater intensity in the pattern and sharper 
lines can be obtained if a lens is used to focus the source 
on the final screen or plate* 

Two factors should be considered in choosing the 
position for this lens in the optical system: (1) position 
between source and viewing means, and (2) position 


* Picard and Reisner, Rev. Scl. Inst 17, 484r489 (1946). 

* Thomacm and Fraser, Proc. Roy. Soc. A128, 641 (1930). 
«WieH, Ann. d. Phys. 8, 521 (1931). 

< Japanese J Physik 5, 83 (192S). 


with respect to specimen. It is desirable to have the 
smallest possible spot formed on the photographic plate 
since spot size limits resolution. Thus, ideally, the 
power and position of the lens should be so chosen that 
a reduced image of the source (or limiting aperture) is 
formed on the plate. This requires that the lens be 
positioned so that the object distance, «, is greater 
than the image distance, v, giving a resultant magnifi¬ 
cation of the source 

Af «r/«<l. 

This inequality implies that f<v<2f and u>2f. From 
these relations and a knowledge of the total camera 
length, it is simple to determine the approximate lens 
strength required. 

The second factor of importance is the position of 
the specimen with respect to the lens. If the specimen 
is above the lens (on the source side), it is irradiated 
with an effectively divergent beam, while, if it is below, 
the beam is convergent. In the former case, changing 
focus of the lens changes the diameter of the diffraction 
pattern,® while in the latter, changing focus changes 
the sharpness of the pattern without affecting its size. 

‘ Scaitirj. App, Phys. iS, 67S-681 (1944). 
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A further improvement in resolution and an increase 
in optical versatility can be accomplished by using two 
lenses, both above the specimen. If the first lens is very 
strong, it can form a much reduced image of the source. 
This image may then be focused on the photographic 
plate by the second lens.® The power and position of 
the second lens should be chosen so that any magnifi¬ 
cation of the source image that this lens may produce 
will be much less than the demagnification obtained 
with the first lens. 

If the second lens is capable of having its focal length 
varied continuously over a wide range of values, it can 
form a sharp image of the reduced source image at any 
position from above the specimen to the final screen or 
plate. If this image is positioned above and very close 
to the specimen, a shadow image of the sp)ecimen will 
be formed on the final screen. The magnification of this 
image is determined by the ratio of the distance from 
source image to plate and source image to specimen. 
For all practical purposes, no accuracy will be lost if 
the magnification is taken as the ratio of specimen to 
plate distance and specimen to source image distance. 
The resolution in the magnified image depends on the 
size of the reduced source image and improves as the 
spot size is reduced.^ 



Fig. 1. Over-all 
view of the diffrac¬ 
tion unit. 


•Hillier and Baker, J, App, Phys. 17, 12-22 (11W6). 
wn^^^jmne.^^Electronen-Ubcrmikroakopie (Julius Springer. 


If the second lens is weakened to form an image of 
the spot on the photographic plate, a sharp diffraction 
pattern will result. Gradual defocusing toward the 
shadow microscope condition will produce on the plate 
an out-of-focus pattern which becomes more complex 
as the lens is strengthened. If a single crystal is in the 
beam, its image may be repeated in a definite pattern 
by diffracted beams to form what is called a ‘‘point** 
diffraction pattern. A comprehensive treatment of the 
two lens pre-specimen system is given in the literature,® 
so further discussion at this point is unnecessary. 

The inclusion of a lens below the specimen adds an 
extremely valuable feature for making useful electron 
diffraction patterns of materials having dui spacings 
greater than SA. This lens, in combination with either 
one or two lenses above the specimen, permits the 
central portion of the pattern to be enlarged electron 
optically.® The lens or lenses before the specimen form 
a focused diffrattion pattern above the post specimen 
lens which magnifies this pattern on the final screen or 
plate.*® The strength of the lower lens can be so adjusted 
that the size of the final pattern corresponds to a 
specimen-to-plate distance much greater than the 
physical specimen-to-plate distance. 

THE OPTICS OF THE DIFFRACTION UNIT 

A three lens optical system, including all the prop¬ 
erties described in the preceding section, has been built 
into a practical electron diffraction camera (Figs. 1 
and 2). The positions of the various components have 
been chosen to permit maximum versatility of opera¬ 
tion. All of the lenses are electromagnetic with continu¬ 
ously variable focal length. A specially designed pole 
piece is used in the top lens to make it a very strong 
lens for spot size reduction. The second lens uses no 
pole piece, and the bottom lens uses a weak pole piece 
to obtain equivalent specimen-to-plate distances as 
great as 200 cm. Without a pole piece in the lowest 
lens, the magnification obtainable is sufficient to 
provide an effective specimen-to-plate distance of 
approximately 1(X) cm. 

The salient features of the optical system as depicted 
in Fig. 2 arc the electron gun, the limitmg aperture, 
two lenses above the specimen, one lens below the 
specimen, and a viewing and photographic chamber. 
When lens 1 is used as a very short focal length lens, 
the source is imaged just below the gap in the pole 
piece and gives rise to a very wide angle beam which 
illuminates the inside of the lower half of the pole piece. 
A 1.5 mm aperture is placed at the top of lens 2 to 
eliqiinate reflections from the inside of the pole piece of 
lens 1. Another aperture is placed at the top of lens 3 
to piwent the diffracted beam from striking the inside 
of this lens or its pole piece and causing spurious 

•Hillier and Baker, J. App, Pby$. J7,12-22 (1<46). 

* A; Microscope,” la C«lMd Ckmis^ 

(M^dfumOang Company, New York, IW), Vol. VrP* m- 

» Stowd, Burton, and Barnes, App. *32 dHth 
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reflections or excessive scattering. This last aperture is 
very large (23 mm) to avoid cutting off any portion of 
the diffraction pattern and serves only to shield the 
inner lens surface from the beam. 

The two lenses above the specimen serve a very 
important purpose in addition to providing control of 
spot size and position. The ability of the combination 
to vary the angle of illumination on the specimen 
permits different sized areas of the specimen to be 
irradiated and thus contribute to the diffraction pattern. 
When lens 2 is used without lens 1, the area of specimen 
irradiated is approximately 0.001 inch in diameter. 
Such a narrow beam is useful in studying individual 
components of an inhomogeneous misture distributed 
over the specimen support in transmission studies. 
Patterns can be obtained from minute single crystals. 
Correspondingly small areas of reflection specimens can 
also be examined. When lenses 1 and 2 are used together, 
the area of specimen irradiated can be increased up to 
approximately | inch diameter, and the diffraction 
pattern then gives information arising from the distri¬ 
bution of material over a large area of the specimen. 

It is possible to accomplish two important optical 
effects by means of a lens placed below the specimen in 
a diffraction camera. Such a lens can be used to form a 
focused image of an electron source and, hence, a 
diffraction pattern produced by a specimen placed 
between the source and the lens. Such a lens can also 
be used to form a magnified image of a diffraction 
pattern produced by specimen and lens combinations 
preceding the lens. In designing a diffraction camera 
such as described here the position of a lens between 
specimen and final viewing screen or plate must be 
carefully considered as the lens must be used for both 
purposes described above under somewhat contra¬ 
dictory operating conditions. With a physically fixed 
specimen to plate distance, the maximum effective 
camera length possible when a post-specimen focusing 
lens is used is limited to the distance between lens center 
and final plate. However, maximum magnification with 
the lens occurs when the lens is placed midway between 
final screen and specimen. These facts are demonstrated 
in the following crude analysis. 

Figure 3 shows the two optical arrangements, (a) the 
case where the lens is used to focus a diffraction pattern 
on the viewing screen, and (b) the case where the lens 
is used for magnification. Because of the limits in 
accuracy imposed by the assumption that a magnetic 
lens of the type actually employed is a perfect thin lens, 
simple calculations may be used only to indicate 
optimum position of the lens in the camera. To a 
sufficiently good approximation, the angular change in 
direction, of a ray passing through a lens is proper- 
tionel to the distance, r, from the center of the lens at 
wbidh the ray strikes. If the ray initiaUy makes a 
smaU aii|g[le with the optic axis, 



Fig. 2. Cross’sectional view of the optical system 
of the diflraclion unit. 


If a specimen is placed a distance A ahead of the 
photographic plate, a diffraction ring arising from 
planes in the specimen inclined to the beam at an 
angle 9 will have a radius at the plate of 2A9 if no 
lens is present (assuming 0>-8in9>Btan(f). If a lens is 
placed a distance B ahead of the photographic plate 
but followii^ the specimen, rays contributing to this 
diffraction ring will strike the lens in a circle of radius 
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Fig. 3. Ray diagrams illustrating the use of the post-specimen 
lens as (a) a focusing lens, and (b) a magnifying lens. 


r^2{A — B)B. The lens will reduce the angle of diver¬ 
gence of the rays by an angle <t>, thus producing a 
resultant angle {2$--<l>) for the remainder of the path 
to the plate. These rays will then produce a ring at the 
plate of radius 

R'--2(A-B)e+{2e-<l>)B. 

Since 

<t>^r/f and r—2(A-~B)df 
K - 2e[_A - 

The effective specimen to plate distance is 

A^^A-{A-^B/m ( 1 ) 

and is always less than A when a lens of focal length /, 
placed between the specimen and photographic plate, 
is used to focus the pattern. A* approaches ^4 as a limit 
as the lens becomes weaker. Furthermore, when / is 
varied (as occurs when focusing an electromagnetic 
lens), i?', the ring diameter at the plate, also varies. 

If the source is effectively at infinity (parallel illumi¬ 
nation of the specimen), a focused pattern will be 
formed on the plate when/=^. Under this condition, 
A^^BAl the source is closer, thus producing divergent 
illummation on the specimen, as shown in Fig. 3a, the 
lens must be strengthened to produce a focused image 
on the plate, / becomes less than jB, and Thus, 

the maximum effective specimen to plate distance 
obtainable, using a lens between specimen'and plate to 
produce a focused pattern, is the distance from the 
lens to the plate. 

Equation (1) above fails to take into account the 
properties of thick lenses and, as a result, the values 
calculated deviate from practice as shown in Fig. 4. 
The solid curve represents the effective camera length 
as a function of lens focal length for a lens in the #3 
position (see Fig. 2), It can be seen that the reduction 
in spot size, and consequent increased slmrpness of 
pattern obtained by using a focusing lens between 
specimen and plate, is accompanied by a reduction in 


effective camera length and, hence, does not necessarily 
result in increased resolution in the pattern. The ratio 
of spot size at the plate to effective camera length is a 
good criterion of the instrumental resolution and will 
be called the ‘‘resolution index.'' The significance of 
this ratio is discussed in the section on resolution. 

The above discussion describes the action of a lens 
between specimen and plate when the illumination on 
the specimen is parallel or divergent. These conditions 
can be produced by using a simple beam collimating 
system above the specimen or by placing a lens above 



Fig. 4. Effective specimen to plate distance as a function of the 
focal length of the post-8t)ecimen lens. 

the specimen in such a position that the source is at the 
focus of the lens, thus producing parallel illumination 
of the specimen. If this pre-sj.)ecimen lens is operated 
to produce an image of the source above the specimen, 
divergent illumination of the specimen will result. 
Therefore, the preceding analysis also covers this optical 
^ condition. 

To produce convergent illumination on the specimen, 
one or more lenses must be placed between source and 
specimen and these lenses must be operated so as to 
produce a focused image of the source heUrw the speci¬ 
men. It is then possible to form a focused diffraction 
pattern below the specimen, and a subsequent lens can 
form a magnified image of this pattern (Fig. 3b). 
Under these conditions, the effective specimen to plate 
distance, A\ may be expressed in terms of the instru¬ 
mental constants A and B as 

A'^iAB^B^Aflf), ( 2 ) 

where / is again the focal length of the post-specimen 
lens. To obtain the maximum magnification with this 
lens for any focal length, the lens must be correctly 
positioned. This position may be found by determining 
the maximum value of A* as B is changed. The result is 

5*^/2. (3) 

Thus, maximum utilization of such a lens for magnifying 
diffraction patterns will be obtained when the lens is 
placed midway between specimen and plate. However, 
since lens aberrations increase rapMly with the aperture 
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of the lens used, it is desirable to move the magnifying 
lens as close to the specimen as the strength of the lens 
permits. This is also the best condition when the post- 
specimen lens is used for focusing when the specimen 
is irradiated with divergent illumination. In the actual 
diffraction unit, a compromise dictates the placement 
of the lens in position 3 for general use, with position 4 
available for special magnification problems. 

Figure S shows equivalent camera length as a function 
of lens position for several values of focal length with 
convergent illumination of the specimen. The lens used 
in position 4 is sixty percent more effective for magnifi¬ 
cation than when used in position 3. Figure 6 shows 
the relation between effective camera length and current 
through the lens when the lens is in position 3. 

The third function of the post-specimen lens, as used 
in the diffraction unit, is the magnification of shadow 
micrograph images. As the magnification of a shadow 
microscope is 

StKJcimen to plate distance 

-;-— --- , 

S{:)ecimen to point source distance 

any means which will increase the effective specimen to 
plate distance will increase the magnification. It follows 
from the equation for M that, theoretically, M can be 
increased indefinitely by making the denominator of 
the fraction approach zero. This condition can be 
fulfilled by the two lens systems preceding the specimen. 
However, an upper limit in useful magnification is 
imposed by the dimensions of the spot formed above 
the specimen as previously mentioned. If the very 



intense reduced image of the source formed by lens # 1 
is positioned too closely to the specimen, the specimen 
supporting film is often broken or the specimen is fus^. 
The use of a post-specimen lens permits high magnifi¬ 
cation to be obtained without bringing the source image 
dangerously close to the specimen. In point microscopy, 
tlje diameter of the image on the final screen is small 
since the angle of iUtanination of the specimen must be 
smal l in order to get good resolution in the image. For 
a given magnification, a wider field may be obuined by 
linimiilg the reduced image of the source farther from 


the specimen, thus illuminating a wider area of the 
specimen, and restoring the original magnification by 
means of the post-specimen lens. 

While a multitude of lens combinations are available, 
in practice it has been found most generally useful to 
employ lens 1 for spot size control or specimen area 
irradiation control, lens 2 for spot position control, and 
lens 3 in the number 3 position for magnification. 

RESOLUTION 

The resolution obtainable with the instrument de¬ 
pends on the fineness of the beam at the plate and upon 
the image defects produced by the lenses. The first of 
these factors was carefully investigated by making 
measurements of the diameter of the undiffracted beam 
at the plate when the beam was focused {)n the plate by 
various combinations of lenses. Since it is practically 
impossible to measure directly the diameter of such a 
spot on a photographic plate because of the intense 
halation produced, the beam was used to trace a line 
on the plate and the width of the line was measured 
with a microphotometer. The method was to focus the 
beam on the plate (a very slow Eastman type 548-0 
spectroscopic plate) with no specimen and rapidly but 
smoothly move the plate in its carriage across the beam 
path. By this method, a well defined line was traced 
which showed no halation and could readily be meas¬ 
ured. Figure 7 shows a number of microphotometer 
traces of such lines made under various lens conditions 
described in Table I. The finest spot is obtained for the 
conditions described under trace 10, for which lens 1 is 
operating at high power to produce a maximum reduc¬ 
tion in size of the source image and lens 2 is focusing 
this image on the plate without magnification by lens 3. 
The spot diameter here is less than 0.04 mm. 

It is desirable to be able to express the instrumental 
resolving power as a number st) that intercomparisons 
may be made among different instruments or different 
operating conditions with the same instrument. The 
resolving power of the photographic plate is inde|)endent 
of the position of the image on the plate, but the 
difference in dski spacing corresponding to a given 
distance on the plate is a reciprocal function of radius 


Fio. 6. Effective 
specimen to plate 
mstance aa a func¬ 
tion of current in the 
post-specimen lens 
used with a weak 
pole piece. 
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described implicitly by the equation 

Ddski-^lLk^K. ' (4) 

Equation (4) gives the relation between diffraction ring 
diameter, Z), and interplanar spacing, dhkh is a 
simplification of Bragg’s law for the small angles used 
in electron diffraction. K iso, constant for fixed electron 
wave-length (accelerating voltage) and L is the speci¬ 
men to plate distance. 

If it is assumed that 2 rings may be detected as 
separate if they are separated on the plate by a distance 
AjD, then 

AD is a constant fixed by the resolving power of the 
photographic plate if, for the moment, no consideration 
is given to the natural width of the lines of the diffrac¬ 
tion pattern. The instrument resolving power is 

AdHkt/dKki^ {ADim^x^K^d^u (5) 


instrumental instabilities, and factors characteristic of 
the Bragg reflection itself, such as intensity, line width, 
etc., contribute to a reduction m resolving power. 
However, it is safe to assume that two lines may be 
resolved if they are separated by twice the diameter of 
the spot on the final plate. Under this assumption 

per angstrom unit. 

This method of expressing resolving power provides 
a number for comparison but does not obviously relate 
this important number to any instrumental constants. 
This deficiency is particularly prominent in such an 
instrument as that described because the effective 
camera length can be varied over a wide range. Magni¬ 
fication of the pattern produces an increase in the size 
of the image of the source, W, as well as an increase in 
camera length. It has been found convenient to use 
the ratio of these two values as a measure of resolution. 
That this is possible is shown below. 


Equation (5) states that the resolving power is propor¬ 
tional to the mterplanar spacing, and the constant, K\ 
may be taken as a measure of the resolving power. 

If the natural line width of each of two closely spaced 
lines is no greater than the diameter of the image of the 
source produced on the final plate, and the resolving 
power of the plate is finer than this spot size, AD can 
be taken equal to this diameter. In the described 
diffraction unit, AD can be made as small as 0.02S mm. 
Other typical operating conditions are 

£«500 mm. 

X=0.055A (corresponding to 50 kv accelerating voltage). 
Under these conditions 

AT'=4.55X10”^ per Angstrom unit. 

Other factors involved in the photographic process, 



Pio. 7/lMiOTphotoMter tradw of lines traced by the locosec 
electnm beam under v^ouitos combinations. See L 


Adwki/du/- {AD/K)d,ki^ {CW/2L\)d,,i 

^C/2\{W/L)d^i. (6) 

C is a constant and X, the wave-length, is constant. 
This leaves the ratio WJL as a measure of the resolution. 
This ratio, which will be called the “resolution index” 
may be expressed regardless of the magnification 
employed in the instrument. 

As described above, various combinations of lenses 
are possible and useful While other factors than reso¬ 
lution may determine the choice of a combination, it is 
useful to keep in mind the effect of a combination upon 
resolution. For this, “resolution index” defined above 
is applied. Using a 0.025 mm aperture above lens #1, 
the indices shown in Table I were calculated from 
photometer traces generated by moving the plate 
normal to the beam. Several facts are apparent: (a) 
highest resolution occurs using only pre-specimen 
lenses, (b) where a post-specimen lens is employed for 
pattern magnification, resolution increases with magni¬ 
fication, (c) maximum resolution does not correspond 
to maximum current in lens # 1. There is a considerable 
discrepancy between measured values of “resolution 
index” and calculated values, the former always bemg 
higher. This is due to scattering from apertures, pole 
Tweets, and the specimen. Under some circumstances, 
the effect is large enough to completely mask changes 
in spot size attributable to changes in aperture size. 

From a theoretical standpoint, using an effective 
source 5 cm above lens # 2 should give about four times 
more favorable a resolution index when used in con¬ 
junction with a lens in the #3 position (trace 13) than 
whdn used with lens #2 (trace 10). Again, with the 
source 20 cm above lens #2 (lens #1 off), the index 
should be more favorable for lens #3 (trace 18) over 
lens #2 (trace 14) by a factor of 1.5. Table I shows 
this factor to be unity. Theoretically, resolution may 
be increased under conditions of short source to qied- 
mm length by ushq; a 1ms dose below tlm specif. 
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Disadvantages that result from such a procedure are 
that (a) there is a reduction in equivalent camera 
length, and (b) equivalent camera length becomes a 
function of lens focal length makmg the determination 
of crystal constants subject to an additional source of 
uncertainty. 

For exceptional resolution, two pole pieces, each with 
small apertures, may be used.® However, for most work, 
the simple aperture-lens system described is far more 
satisfactory since it avoids the very difficult problem of 
aperture centering and positioning which use of two 
pole pieces demands. 

ACCURACY 

Where p>ost specimen lenses are employed, the accu¬ 
racy must be considered separately from resolution since 
the magnitude of the diffraction pattern is altered by 
the lenses by a factor generally different from the 
alteration m spot size. 

Where pre-specimen lenses alone are employed, 
pattern dimensions are determined by (1) accelerating 
voltage, (2) spedmen-to-plale distance, and (3) crystal¬ 
line properties of the specimen. Uncertainties in the 
measurements of voltage and specimen-to-plate distance 
limit the accuracy of the measurements of diffraction 
patterns. To these limits must be added the uncertainty 
in measurement of the plate due to line breadth which 
may arise from (1) instrumental limitations of spot 
size or from (2) broadening of lines due to specimen 
properties and physical condition. In general, it is 
diflScult to measure high voltage to anything like the 
accuracy possible in the diametral measurement of a 
diffraction pattern. Likewise, the measurement of 
specimen-to-plate distance inside the vacuum chamber 
is extremely difficult to such a degree of accuracy. 
Measurements show that the short time fluctuation in 
voltage in the described camera is ±0.002 percent, 
while the long time stability, e.g., from turn-on to 
lum-on, is ±0.02 percent, representing an uncertainty 
of drO.OOl percent and ±0.01 percent in diffraction 
pattern dimension. Because of high voltage stability 
but low accuracy of voltage measurement, calibration 
of the instrument may usually be done with specimens 
of known spacings from the value of the instrumental 
constant K^dhkiD^ which is determined for the fixed 
specimen-to-plate distance. When this distance is 
changed, a new constant must be determined. 

With the described instrument used with pre-speci¬ 
men lenses, the instrumental constant is limited by the 
ability to measure D, the ring diameter. Although a 
very small residual field must exist in the #3 lens when 
it b turned off, any influence which such a field has on 
the electron beam passing through it is less than 
measurable with the inherent resolution of the diffrac- 
tkm dimera. 

When a post-q>ecimen lens b utilbed, as pointed out 
changes in effective camera length take place. 
iSm pm wheae an increase in effective length is ob- 


Table T. Lena data for measurements of spot diameter 
and resolution index. 


Tract* 

num¬ 

ber 

I.en8 #1 
current 
in ma. 

l^ns #2 
current 

In ma. 

Lens #3 
current 
in ma. 

Effective 
camera 
lenKth 
in cm 

Spot 
width 
Win 
cm ' 

Reeolu- 

tion 

index 

iW/A*) 

xio* 

t 

0 

0 

0 

SO 

0.05 

10 

2 

To focus 

0 

0 

50 

0.034 

7 

3 

20 

To focus 

0 

50 

0,01 

2 

4 

20 

To focus 

50 

17 

0.020 

12 

5 

20 

To focus 

75 

122 

0.035 

3 

6 

20 

To focus 

89 

170 

0.030 

1.8 

7 

50 

To focus 

0 

50 

0.006 

1.2 

8 

50 

To focus 

50 

17 

0.015 

9 

9 

50 

To focus 

75 

122 

0.022 

1.8 

10 

90 

To focus 

0 

50 

0.004 

0.8 

11 

90 

To focus 

50 

17 

0.008 

4.7 

12 

90 

To focus 

75 

122 

0.030 

2.5 

13 

90 

To focus 

90 

170 

0.028 

1.6 

14 

0 

To focus 

0 

50 

0.012 

2.4 

15 

0 

To focus 

50 

17 

0.014 

8 

16 

0 

To focus 

75 

122 

0.040 

3.3 

17 

0 

To focus 

89 

170 

0.052 

3.1 

18 

0 

0 

To focus 

35 

0.008 

2.3 


tained gives rise to an increase in instrumental constant 
which increases slightly with the diameter of the rings. 
This radial distortion of the pattern is simply pin¬ 
cushion distortion of a lens used at large aperture. Its 
effect on a diffraction pattern magnifi^ by a lens in 
the #3 position is small for effective distances up to 
200 cm, being less than one percent at 82 mm ring 
diameter for 200 cm effective camera length. 

Examination of Fig. 6 reveals that the slope of the 
camera length vs. current in magnifying lens curve is 
approximately 3. Thus, if the effective camera length 
is chosen by setting the current in this lens, an error of 
1 ma in adjusting the current will produce an error of 
3 cm in the effective camera length Since the magni¬ 
fying lens will be used only to obtain effective camera 
lengths greater than 50 cm (the physical camera length), 
the error introduced by a current setting error of 1 ma 
will vary from 5 percent at 60 cm camera length to 
1.5 percent at 200 cm. 

THB DIFFRACTION CAMERA 

While this paper primarily deals with the optical 
properties of a new diffraction camera, a brief descrip¬ 
tion of the instrument may serve to clarify questions 
concemmg mechanical arrangement. The cross-section 
of the column is shown in Fig. 2. The electron source is 
a self-biased electron gun whose high intensity recom¬ 
mends it for the diffraction application. Accelerating 
potential is provided by a fifty kilovolt stabilized 
electron microscope supply. The instrument was origi¬ 
nally used with a variable voltage supply from 12 to 
50 kilovolts. However, diffraction at the lower voltages 
is so difficult with many substances, due to cha rg in g of 
the specimen in the electron beam and broadening of 
the lines because of decreased beam penetration into 
the q)ecunea, that the varuffile feature was abandoned 
and ^e voltage was fix^ at fifty kilovolts. Tlie election 
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Fig, 8, Patlern of magnesium oxide with a trace made 
by the undiffracted beam. 

gun mounting and all lenses are provided with trans¬ 
verse adjustment screws. All lens spools are identical. 
Demountable pole pieces provide short focal length 
lenses where necessary, as in the number 1 and number 
3 positions. The specimen chamber is specially designed 
for diffraction work. It provides a large window for 
observation of the specimen during adjustment. This 
is frequently valuable in reflection work since the inci¬ 
dent beam often causes the surface of the specimen to 
fluoresce and it is therefore possible to observe the 
area being struck. The auxiliary charge neutralising 
gun is built into the chamber and can be employed as 
general illumination for observing the interior of the 
specimen chamber. An auxiliary port in the chamber 
is provided to permit the use of mechanical agitators, 
heaters, and evaporators. 

Of extreme importance to successful electron diffrac¬ 
tion is a versatile specimen stage providing three trans¬ 
lational and one rotational degree of freedom. An 
additional rotation, dependent upon the first rotation, 
is also provided to permit adjustment of the grazing 
angle. Ease of manipulation to provide fwactically any 
orientation of specimen in the electron beam has made 
it possible to obtain diffraction from many specimens 
which have previously given no results. 

Below the specimen chamber are shown one lens 
spool and one spacer. These components are inter¬ 
changeable so that the number 3 lens can occupy 
either the number 3 or number 4 positions in the 
column if desirable. 

The viewing chamber is designed to give a four-inch 
diameter view on the fluorescent screen. Since the 
angular aperture of beams used in electron diffraction 
are frequently quite large, the viewing screen is placed 


as close to the photographic plate as possible so that a 
focused beam spot on the screen will be in focus on the 
plate. A retractable beam stop is included to improve 
visibility of faint patterns by eliminating the bright 
central spot which otherwise tends to blind the operator. 
Its situation close to the viewing screen makes it 
possible for it to cast a minimal shadow on the plate. 
For ease of observation, the viewing port is wide enough 
to permit binocular vision. 

Patterns or shadow micrographs are photographed 
on standard 4X5 glass photographic plates. A single 
cassette holds three such plates and slides parallel to 
the viewing screen. 

V^ersatility is the keynote of the diffraction camera 
described above. For example, it has been found that 
withdrawal of the beam stop at the last moment of 



Fig. 9. Pattern of Fuller's Earth with magnesium oxide super¬ 
imposed upon it to provide internal calibration of the plate. 

plate exposure marks a dark pattern center on the 
developed plate which is useful in making plate meas¬ 
urements. The ability to slide the plate with the shutter 
open and beam on makes it possible to trace the central 
spot as a fine line across the plate. The fine line is a 
measure of beam diameter and may be compared to 
ring widths to study broadening of lines in diffraction. 
Such a plate is shown in Fig. 8, 

The use of a specimen holder which accommodates 
several specimens makes it j:K)Ssible to superimpose 
unknown and standard diffraction patterns on the same 
plate. If the shutter is used to expose only half of the 
plate with the standard, the two sets of rings may 
readily be distinguished. An example of this te^nique 
is shown in Fig. 9. 

BLBCTRON OUN FOR CHARGE iraUXRAUZAXION 

When materials are bombarded with a high velocity 
electron beam^ as occurs when a specimen is examined 
in an electnm microscope or electron diffraction camerA, 





FEATURES OF A NEW ELECTRON DIFFRACTION UNIT 


609 


electrons arc knocked out of the material and, conse¬ 
quently, it acquires a charge. This charge is purely 
surface phenomenon, as the penetrating power of the 
electron beam commonly used—50 to 100 kv—^is 
extremely small, generally less that 10^ mm. 

The magnitude and duration of this charge depends 
on both the causative electron beam and the nature of 
the bombarded material. Beam current and accelerating 
voltage influence the total magnitude of the charge. 
The surface and volume conductivities of the specimen 
and the potential relative to ground of the specimen 
mount and support determine the duration and equi¬ 
librium value of the charge. 

The charge, in turn, influences the path of the beam 
through subsequent jwrtions of the apparatus by im¬ 
posing an electrostatic field which the beam must 





Fig. 10. Constructional details of the gun used for 
charge neutralization. 


traverse. The optical constants of the instrument are 
not calculated to compensate for this unknown electric 
field, and, furthermore, the field is seldom sufficiently 
stable to permit optical elements to counteract it. 

In electron diffraction, a cliarge on the sfiecimen may 
shift the pattern, cause unsharpness in the lines or 
spots, and, in many cases, completely destroy the 
pattern or prevent its formation. The most pronounced 
charging effects are observed with reflection specimens. 
In the study of these specimens, the electron beam 
strikes one surface only, and, if the specimen is a poor 
conductor, the charge accumulated on the bombarded 
surface cannot leak off. Not only the specimen, but its 
method of mounting is important if charging effects are 
to be avoided. The mounting method should i^rmit 
specimens to be well grounded, but even this precaution 
will not overcome electrostatic effects on insulating 
specimens. 

A well known and frequently used method of neutral¬ 
ising the charge on insulating specimens is to bathe the 
Specimen in a stream of low velocity electrons from an 
auxiliaiy electron gun.^* Several considerations govern 

» £. t AleManddiii, J. App. Phys. 16, 94r96 (1945). 


the design and use of a generally satisfactory neutral¬ 
izing system: 

(1) General irradiation with electrons of the specimen, specimen 
holder, and entire specimen chamber provides the best condition 
for neutralization. 

(2) Neutralizing current at the specimen varies widely with the 
specimen employed, but is generally of the order of 0,5 to 5 
milliamperes per square centimeter. 

(3) Electron accelerating voltages should be available from 200 
to 1000 volts. 

(4) The source of electrons should not contaminate the speci¬ 
men with evaporation products. 

A neutralizing electron gun fulfilling the above 
requirements has been built into the specimen chamber 
of the described camera and so directed that its axis 
intersects the opticiil axis of the camera at the mean 
point of the range of specimen motion (Fig. 10). The 
anode cap has a front made of a large disk of fine 
mesh, stainless steel wire screen. The filament is 
shielded from the rest of the anode by a cylinder 
maintained at filament potential or lower. Thus, all the 
emitted electrons are accelerated toward the anode 
which has a large open area. This effective aperture 
may be adjusted by using screens with different num¬ 
bers of openings per inch. 

This gun has very high efficiency for charge neutral¬ 
ization as nearly all of the electron emission is used. 
Hence, low filament temf>erature may be used, and the 
concomitant tungsten evaporation is negligible. The 
rate of evaporation of tungsten increases by a factor of 
10^® as the temperature of the filament is raised from 
ISOC^K to 3(XK)°K, the usual operatiirg range of the 
filament in an electron gun of this type. Over the same 
range of temperatures, electron emission increases by a 
factor of 10^. 



a b 

Fio, 11. Reflection pattern from a piece of mica—(a) without 
chjirge neutnflkation, and (b) with charge neutraflsation. 
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Insulating materials^ such as mica, have been used to 
produce electron diffraction patterns, have had surface 
charges neutralized completely with the gun of Fig. 10, 
and the pattern has been unchanged after a one hour 
exposure to the auxiliary electron beam (Fig. 11). With 
a small aperture gun operating at 500^K higher than 
the described gun but providing adequate current to 
neutralize charges on mica, the rate of tungsten deposi¬ 
tion on the mica was such as to produce a noticeable 
dimming of the pattern in two or three minutes, and 
complete obliteration of the pattern in less than ten 
minutes. 

DISCUSSION OF RESULTS 

The extreme versatility of the electron diffraction 
unit described in the preceding sections is well illus¬ 
trated in Fig. 12. The pattern obtained with the 
simplest optics—a single lens above the specimen 
focusing the source on the plate—is shown at (a) with 
its microphotometer trace. At (b) is shown the same 
pattern magnified electron optically by a post-specimen 
lens in the number 3 position. The striking feature of 
this pattern is not the increase in ring diameter but 
the withdrawal of the inner rings from the area of 
intense halation at the pattern center. This fact is even 
more vividly illustrated by the corresponding micro¬ 
photometer trace which was made under identical 
conditions to the one above it. The explanation of this 
effect is not completely worked out and is still the 
subject of some controversy. However, the authors are 
convinced of the reality of the effect since it has been 
observed on many plates and always occurs when the 
pattern is magnified electronically regardless of the 
relative exposure of the unmagnified and magnified 
patterns. 

Several factors may contribute to the improvement 
in contrast possible with the use of a post-specimen 
magnifying lens. This lens acts to deflect the stray and 
widely scattered electrons from striking the central area 


of the photographic plate, and thus acta as a stop in 
the inmge forming system. The area of plate halation 
due to the extremely intense undeflected beam is a 
constant regardless of magnification. This area is small 
and will affect only the rings of very small diameter. 
Furthermore, there is a subjective advantage in working 
with large patterns which generally results in more 
accurate appraisal of plate exposure times because of 
the removal of the rings from the vicinity of the bright 
central spot. In addition, there is an improvement in 
the effective contrast when using a recording micro¬ 
photometer on magnified rings because the length of 
the reading slit becomes a much smaller percentage of 
the ring diameter. 

Figure 12(c) illustrates the improvement in resolution 
obtainable by using lens 1 to reduce the size of the 
image of the source. The pattern looks the same as 
that of Fig. 12(a), but the microphotometer trace has 
been enlarged 5 times. If this latter fact is bom in mind, 
it becomes obvious that the lines are sharper than in 
Fig. 12(a). The pair of lines indicated by the arrow 
show an intermediate line in Fig. 12(c) which is not 
resolved in Figs. 12(a) and (b), although the pattern 
of Fig. 12(b) has been sufficiently magnified to make 
this pair of lines stand out strongly against the back¬ 
ground. 

Figure 12(d) demonstrates the use of the instrument 
as a shadow microscope. The post-specimen lens is used 
to magnify the shadow microscope image. The higher 
magnification picture is produced by using lens 2 to 
bring the reduced image of the source closer to the 
specimen with no change in the power of lens 3. 
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An analyzer for sub-audio bioelectric potentials, particularly the human electroencephalogram, is 
described- The instrument is coupled to the output of a standard EEG amplifier and records twenty fre¬ 
quencies by means of individual ^ters each coupled to a two-inch cathode-ray oscilloscope. A 35-mm slow 
moving camera provides a time base while simultaneously photographing, the filter deflections, a cathode- 
ray trace of the unanalyzed slow wave and one-second time markers produced by a clock driven flashing 
light. The system employs amplitude modulation of a 1200 cycle carrier; the filters being selective to the 
lower sideband frequencies which are recorded as horizontal deflections of the oscilloscopes. 

The present analyzer, in contrast to others, has a one-haJf-second timtf constant and is thus a low **Q** 
system responsive to activity of short duration. The frequency spectrum obtained is necessarily broad 
but detailed in the time domain, an aspect of physiological importance, hitherto neglected. 


INTRODUCTION 


T he electroencephalogram is a continuous time 
varying potential in the range from O-S-60 cycles 
per second. Certain features of the record have been 
useful in the diagnosis of central nervous dysfunction. 
Since time varying potentials may often be uniquely 
described by their frequency and phase spectra, several 
attempts at electromechanical frequency analyses of 
the EEG have been made based upon the arbitrary 
selection of an interval for analysis. 

Grass and Gibbs^ chose a thirty-second strip of record 
artificially made periodic in the form of an endless belt, 
rotated at high speed and reproduced photoelectrically 
so that the record could be analyzed in the audio range 
with a standard harmonic filter. Walteri devised a 
technique for integrating the response of a number of 
tuned filters over a ten-second interval, and for re¬ 
cording the resultant analysis superimposed on the 
primary record. Barbour* used a single filter to sweep 
through the band recording successively the amplitude 
of each frequency component in the EEG. 

No one of these methods indicates the phase spectra 
but only the amplitude of frequencies present for the time 
interval considered. In these methods the interval of 
analysis is long compared to the probability of changes 
in the potential ^ttems. Also the time sequence of 
appearance and disappearance of different frequencies 
is not indicated. 


*Mr. Charles Sheer contributed valuable assistance in the 
re^r^ thAt led to the development of the present instrument. 

Albert M. Grass and Frederic A. Gibbs, “A Fourier transform 
of the elcc^oenwphalogram,” J. Neurophystol. 1, 521 (1938). 
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The present analyzer records twenty components 
simultaneously with the primary record and provides a 
method for studying the changes in wave form and 
frequency that occur. 

CIRCUIT OPERATION 

A block diagram of the circuit in which the important 
stages are detailed is shown in Fig. 1. The EEG wave 
is coupled from the output of any one channel of a 
standard EEG amplifier. The coupling network atten¬ 
uates the very low frequencies which would unbalance 
the modulator stage that follows. This high pass 
characteristic is compensated for in the filter stages. 
The signal is amplitude modulated with a 1200-cycle 
carrier frequenqr in a balanced modulator stage con¬ 
sisting of two 6L7 heptodes. The 6L7 pentagrid con¬ 
verter provides a simple electronic means of grid modu¬ 
lating the carrier, using resistance-capacity coupled 
inputs, and assuring isolation of the input circuits by 
virtue of the two independent control grids which are 
shielded from one another within the tube. The input 
signal level is of the order of 0.2 volt while the carrier 
level is 0.4 volt. The output current can be represented 
as a power series expansion of the product of these two 
voltages. Hence it consists of upper and lower sidebands 
plus very small higher order terms. When the stage is 
properly balanced by means of the screen voltage 
potentiometer Hr and output balancing control A,, the 
carrier is suppressed. It is necessary to make a slight 
adjustment of A« before using the equipment, but the 
balance will remain stable over several hours of oper¬ 
ation. 

The modulator thus transposes the EEG frequencies 
to a narrow range on each side of the carrier. Hie 
output of the. modulator is coupled by means of a 
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f'lo. 1. Block diagram of the analy«r showing the circuits of the modulator and a filter stage. 


shielded low capacity transformer to twenty filter 
stages in parallel. The filter stages, one of which is 
shown, have high input impedance and do not inter¬ 
couple in normal operation. Each consists of a frequency 
selective regenerative amplifier with the feedback 
accomplished in the second control grid of another 6L7. 
The amount of feedback is adjusted so that the circuit 
is highly regenerative but not oscillatory. The intrinsic 
of the coil is approximately 50 at the carrier 
frequency and this is effectively the selectivity of the 
resonant circuit without the feed-back tube. Since the 
required “0" with regeneration is of the order of 2400, 
it was necessary to use an inductive type resonant 
element to obtain a high intrinsic selectivity. 

The selectivity of the system must be set by means 
of the feed-back potentiometer Rn before taking data. 
The selectivity will vary about ten percent during a 
half-hour EEG run so that it is advisable to calibrate 
the instrument before and after each run for quanti¬ 
tative results. The selectivity adjustment may be 
accomplished m about ten minutes. 

In order to obtain stable operation of the carrier 
frequency oscillator as well as the filters, the a.c. supply 
is powet^ from a Solar constant voltage transformer. 
The plate supply of all stages with the exception of the 
oscilloscope high voltage is obtained from a Miller 
electronic voltage regulator having a stabilization ratio 
of one part in twenty-five thousand. 

Eadbi filter may be made selective to a band width of 
mt <yde or less within the range of the lower side 


bands of the modulation products. The response of 
each filter is proportional to the energy distributed in 
the EEG frequency band to which it is tuned. The 
filter output voltage is of the order of ten millivolts for 
best selectivity; this signal being amplified through 
two pentode stages and recorded as a full-scale deflection 
on a two-inch oscilloscope. There are twenty-one such 
oscilloscopes arranged in a horizontal bank, the central 
one acting as a monitor of the unanalyzed EEG. A 
slow moving camera with a wide angle lens provides 
the time base while continuously recording the twenty- 
one traces. The camera does not resolve the high 
frequency into identifiable cycles but records the modu¬ 
lating envelope as a shadowgram. In the filter oscillo¬ 
scopes the beam is positioned to one side for better 
quantitative recording. The time rate of one second is 
recorded on the film by a flashing light driven by a clock. 

The operation of the system is most easily described 
for the case when the twenty filters are tuned in integral 
steps from 1-20 cycles per second, although other 
tuning may be used. The selectivity is adjusted so that 
the response of adjacent filters is down to 25 percent of 
the resonant one. With this selectivity the effective 
“Q’* and time constant “7'” are approximately given by: 

Q-(4/o//j-/i), ^»i, (1) 

r-«?/T/o). (2) 

in which /o>“ frequency to which filter is resonant, 
/i—lower frequency at which filter response is 25 
percent of resonant r^ponse, and ft’* upper frequency 
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(a) (b) 

Fig. 2. (a) Calibration run with 1-20 c.p.s. tuning. Center trace is calibration oscillator signal. Time of one second indicated by 
bottom dashed line. Frequency traces in steps of one cycle from bottom to top. The oscillator is manual^ tuned from the higher to 
the lower frequencies, (b) EEC calibration pulses indicating transient response of the analyzer. Tuning 1-20 c.p.s. as in (a). 


at 25 percent of resonant response. Although the actual 
“Q" of the filters is of the order of 2^, the “Q” 
referred to the low frequency varies from 2-40. 

The filters are calibrated to equal amplitudes with an 
oscillator (Fig. 2(a)). Its frequency is Slowly changed to 
allow each filter in turn to build up to a steady-state 
response. As resonance occurs in each filter, the equation 
of response referred to a simple series resonant circuit 
will be: 

t(<)- {V,/R) sin«o/- sinwo/, 0»1, (3) 

where i{t )—time response of the filter, Fo*—amplitude 
of applied harmonic voltage, R —damping constant of 
filter, and wo—undamped natural angular frequency of 
filter. It can be seen from this equation that the time 
constant (7'«‘2Q/wo) equals the time necessary for the 
filter to build up to steady state and to die away from 
it when the applied sine wave is remoyed. 

If the applied voltage is a complex periodic wave, 
the “Q” of the filters must be sufficiently large so that 
each filter rMponds to only one component. Under 
these conditions, the filters responding to the diSetfsit 
frequency components will all build up to a steady 


state response. Since the *‘Q” determines the time 
constant, this requirement indicates that the funda¬ 
mental period of the complex wave must be shorter 
than the time constant of all filters. The analyser has 
a time constant of about 0.64 second for all ffiters in 
the tuning described so that waves with fundamental 
periods as low as two Qrcles per second are resolved. 

The short time constant and low make this 
system highly responsive to transients (Fig. 2(b)). The 
requirements for an analysis of transients can be de¬ 
veloped in terms of a single step function. The re^mnse 
of a series resonant circuit to a step function of ampli¬ 
tude Fo is: 

t(O-(K»/0«)«-<-‘««>sin«,<, 0»1. (4) 

The spectrum of a step function as given by the 
Laplace transform is: 

|F{«)|-F,/«, (5) 

90», (6) 

where w«angukr frequmiqr, 4»phaae ni^ ind 

F^amplitude of qxctrum. In order to iwl» tte 
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amplitude of the filter responses directly proportional 
to the frequencies represented, by comparison of (4) 
with (S), it follows that: 

Qo:<at R maintained constant. (7) 

In the present analyzer (substituting in £qs. (1) and 
(2)), at the tuning mentioned, these values become: 

( 8 ) 

ra»2/ir, (9) 

Several sample records are shown (Fig. 3). The time 
sequence of sinusoidal wave forms may be observed 
readily. The spike-and-wave pattern is not resolved 
harmonically because of its slow fundamental. The 
complexity of typical wave forms is evident. The 
information obtained lends itself to qualitative study 
only. 

LIMITATIONS OF FREQUENCY ANALYSIS 

Frequency analysis of an arbitrary class of time 
varying potentials is ultimately dependent on the limit 


of resolving power of resonant elements. A single filter 
has a time of response that is inversely related to its 
frequency band width. If the frequency discrimination 
is increased, the filter takes longer to respond and 
becomes less sensitive to brief events. K the time of 
response is shortened, the frequency response becomes 
less selective. In a fundamental way, therefore, the 
resolution of the filters is limited and the best design is 
predicated on the selection of the type of phenomena 
to which the filters must respond. 

By an event we mean any pattern bounded in time 
that may recur. Any particular class of time varying 
potentials is characterized by the complexity and 
duration of events that can be isolated. With periodic 
waves, for example, the time duration of events is 
determined by the fundamental period. In most in¬ 
stances of harmonic analysis one deals with periodic 
phenomena within a limited frequency band so that 
the duration and complexity of events varies within a 
restricted range. In the EEG events with a wide 



(a) <b) (0 

Fio. 3. (a) Analysii of i^ha-groupi which are often found in EEG records. Wave forms are almost sinusoidal and frequencies typically 
vaty from 8 to 12 c.p.s. laming 1-20 c.p.s. (b) Analjws of slower frequ^cies. Note the shift from 7 c.n.s. to 2 c.p.s. in predo^nant 
fraqueiuw, the 7 c.p.a. wave perristing at lower amplitude. Tuning 1-20 c.p.s. (c) Analysis of spike-ana-wave pattern found in EEG 
vaeords from patients with petit mal epilepsy. Note shift in predotmnant frequen^ from 4 to 2 c.p.s. Note transient character of spfite 
IS akm by wide frequency distribution. iWng, in this case, from 1-60 c.p.s, Tracss 1-6 record 1-6 c.p.s.; traces 7-13, 8-20 c,p.s.; 
tcaosi WHW, 2S-60 c.p4. 
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distribution of duration and relative complexity may be 
observed. In analyzing this phenomenon some selection 
of the time interval is presumed and the choice of the 
most probable time duration implies either fore¬ 
knowledge of what is significant or an arbitrary choice. 

A completely adequate analyzing system should give 
enough frequency components of events of selected 
duration to distinguish between them and to relate 
their frequency characteristics. However, the selectivity 
of the filter system is determined by the time interval 
over which the filters must respond. Two extremes of 
filter design are possible; one with a short-time constant 
and low the other one with a long-time constant 
and high “Q.” Short events become lost in a long-time 
constant system, long events are not resolved in a 
short-time constant system. The long-time constant 


system permits a high degree of frequency discrimina¬ 
tion, the short-time constant system has a necessarily 
broad response. The selection of the interval for anal3rais 
thus determines the degree of frequency discrimination 
that is possible. 

The present instrument was designed for events of 
relatively short duration and hence is a short-time 
constant, low “Q” system. The use of longer intervals 
for analysis (Grass and Gibbs, Walter) has yielded 
little information. On the other hand, brief events such 
as a single spike or spike-and-wave group are of physio¬ 
logical importance. The present analyzer obtains a 
relatively broad frequency spectrum of such events. 
It is hoped that comparison of these spectra with 
others of activity less well understood may extend 
knowledge of the human electroencephalogram. 


Erratum: Conditions for Optimum Luminosity and Energy Resolution in an Axial ^Ray 
Spectrometer with Homogeneous Magnetic Field 

(R^v. Set. Inat. 20. idO (1949)] 

Jesse W. M. DuMom) 

Califorma JnstUutt of Technology, Pasadena, California 

I N this paper, the quantity (Eq. (10)), is defined in words on page 165 as “the fraction of the total sphere into which 

^-rays can be projected**, the implication being that it is the said fraction corresponding to a specified range d$ of colaUiude angles 
of emanalion from the source. The value of d<h however, corresponding to a specified resulting range of energy inhomogeneUy (from aberra' 
tion), is twice as great as the formulae throughout the paper indicate. The author’s error arose from overlooking the fact that the range 
from to contributes identically the same energy inhomogeneity as the range from Ox to ^i-f see Fig. 8. Therefore, in formula 
12 and in formulae 21 to 40 inclusive the symbol d^t should be interpreted as only half the fraction of the total sphere into which ^-rays 
can be projected. The happy result of this correction is to make the luminosity of the instrument for a given energy resolution twice 
as great as rc{)resented in the paper, or to make the resolving jK»wcr four times as great for a given luminosity as that stated in the 
paper. If the reader will therefore substitute d4>«2d<^ throughout the paper and interpret d^ as the utULsed fraction of the total sphere 
about the source, all will be correct. The numerical values of the resolution given in the next to the last paragraph should also be revised 
for this reason. Ae/«»*0.0065, 0.0049, 0.0032 should be changed to Ae/f “0.0016, 0.0012, 0.0008. The statement p “0.004/? should read 
p “0.001//?. In the final sentence of the paragraph, the values given as At/e»0.004,0.003,0.002 should read Ai/s “0.001,0.0008,0.0005. 

The writer is indebted to Professor F.'H. Schmidt of the U/iiversity of Washington for kindly pointing out this error to him after 
the paper was published. 
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An Apparatus, for Electrode Reversal in the Tiselius Electrophoresis Equipment 

H. Tint 

Wydh Institute of Applied Biochemistry^ PhUadelpkiaf Pennsylvania 
(Received May 9, 1949) 

An accessory to the standard Tiselius electrophoresis apparatus is described which permits electrode 
reversal during operation without changing the terminal polarity of the arms of the electrophoresis cell. 

It thus permits maintenance of the usual silver-silver chloride electrodes in optimum condition in runs of 
extended duration for critical analytical and preparative electrophoresis without increasing the physical 
dimensions or complexity of the electrode system. It incorporates a four-position, multiple-way valve» of 
Plexiglas construction, which is designed to he inserted at the position of the upper section of the standard 
cell, replacing it as a tubular transfer point of current between the electrode vessels and the liml>s of the 
cell proper. 


INTRODUCTION 

OLLOWING the description by Tiselius in 1937* 
of an improved apparatus for the electrophoretic 
study of electrolytes by the moving boundary method, 
the application of this technique has undergone fairly 
widespread laboratory adaptation. The basic form of 
the equipment and the manipulations and methods 
involved in its use have been adequately reviewed in 
the literature.®'* ** These principles have been embodied 
in various commercial designs which are currently 
available. However, Longsworth ei a/.,* have described 
a form of this equipment which is used in this laboratory 
and which occurs most frequently elsewhere at the 
present time.® 

In this design, the cell-complement includes silver- 
silver chloride electrodes, immersed in concentrated 
KCl solution, which serve as terminals for current to 
and from the cell. The size of the electrode vessels is 
governed by the volume of buffer which it is desirable 
to interpose between the electrodes and the cell,' This 
volume is in turn determined by the necessity to have 
the electrode heating effect, a source of thermal con¬ 
vection, considerably removed from the cell proper. 
At the same time the volume must be sufficiently large 
to prevent the products of the electrode reaction from 
migrating into the cell. For practical purposes, the 
usual 11-ml analytical cell requires approximately 500 
ml of bufifer in each electrode compartment; however, 
smaller volumes are possible if a more concentrated 
buffer is placed between the electrodes and the dilute 
buffer in the cell.^ 

The ability to reduce the size of the electrode ves¬ 
sels to a minimum which is practical for ordinary 
analytical runs under average conditions, is a desirable 
feature in the design of the equipment considering the 

» Tiselius, Trans. Farad. Soc. 33, 524 (1937). 

® D, A. Macinnes and L. G. Lonmworth, in Jerome Alexander’s 
Colloid Chemisky (Rhinchold Publishing Corporation, New York, 
1946), Vol. 5, p 

®L. G. Longsworth, Ind. Eng. Chem. 18, 219 (1946). 

< H. Svenason, Adv. Prot. Chem. 4, 251 (1948). 

* Longsworth, Cannan, and Macinnes, J. Am, Chem. Soc. 62, 
2580 (l?i0). 

® SimpUcd by the Klett Manufacturii^ Co., New York. 

® ATtSeUus, Svensk. Kcm. Tid. 50, si (1938). 


physical limitations of the bath. However, this same 
feature militates against the extension of the use of the 
same equipment for preparative purposes, using the* 
same analytical cell or, even to a lesser extent, using 
cells of greater capacity. To compensate for the need 
for the greater amounts of electricity which are required 
for preparative runs of long duration, the electrode 
capacity must be increased by one of several alternative 
procedures.* The size of the electrode cells may be 
increased proportionately, but the volume increases 
usually required for adequate preparative runs are 
usually beyond the practical limits of this particular 
equipment, and the vessels must be housed outside the 
bath. With the decreased heat exchange under these 
conditions, lower potential gradients than are possible 
with the analytical cell must be used. Other alternatives 
rest in more or less complicated mechanical systems for 
buffer circulation* which are also beyond the scope of 
the present equipment. None of these methods, how¬ 
ever, provides for replacement of the silver chloride 



Fio. 1. Cbaiinel-reverung valve vdth mounting brackets. 
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layer on the cathode, which becomes depleted in the 
course of the run,* 

The most logical alternative for providing large 
electrode capacity with small buffer volumes is to 
utilize a method of reversing current direction in the 
electrode vessels without change in direction through 
the electrophoresis cell. By periodic reversal during a 
run, the electrodes serve alternately as anodes and 
cathodes and are thus alternately self-plating. At the 
same time the products of electrolysis at the electrodes 
are confined to the electrode vessels. Thus the smaller 
buffer volumes which are satisfactoiy for analytical 
runs may also be used for longer preparative runs, and 
by being able to confine the electrode vessels in the 
bath, the maximum heat-exchange potential of the 
instrument may be utilized. 

Svensson* has described a system for electrode 
reversal in connection with a preparative cell of unique 
design; however, it extends considerably beyond adap¬ 
tation to the present available standard equipment. 
The present writer has designed an accessory unit 
which in turn is readily adaptable to this standard 
equipment and is capable of providing reversal of 
electrodes without changing the direction of migration 
of the electrolytes under inspection in the cell. At the 
same time, provision is made to permit the entrance of 
withdrawing mechanisms into either leg of the cell for 
the removal of components during the progress of the 
run. All operations in analytical or preparative runs 



Fio, 2. Aaaem^ of valve with cell and electrode vessels in 
standard frame. The rack and pinion device for sliding the cell 
section has been omitted to simplify the diagram. 


• R. A. Alberty, I. Cbcm. Ed. 25, 426 (\m). 

Arkiv. Keml, Min^aJ. o, 22A, No. 1C 


may be carried out entirely in •the bath without any 
need for disassembling the equipment within the 
progress of the experiment however long it may be 
necessary to continue the run. 

DESCRIPTIOK 

The principle of this method may be seen in Figs. 1 
and 2. In place of the usual upper section of the cell, 
which provides the bridge between the cell and the 
arms of the electrode vessels, is substituted a Plexiglas^® 
valve constructed after the fashion of a large double 
stopcock. The plug of the valve is precision-bored in a 
particular manner as to allow in each of four quarter- 
turns, either a direct connection between the electrodes 
and the limbs of the cell, or a reverse one. At the same 
time, in two of these positions, paths are allowed for 
direct entrance of sampling tubes into either leg of the 
cell. The channels in the plug, in each of the four 
positions, are cbntinuous with the following paired 
openings in the shell: top, compensating and sampling 
ports; one-side, connecting to the side arms of the 
electrode vessels; and bottom, feeding directly to the 
arms of the electrophoresis cell. 

Operating Positions 

The arrangement of the channels in the several 
operating positions is demonstrated in the diagrams of 
Fig. 3. In position Aj 0*^, the connection between the 
legs of the cell and the electrodes is direct. At the same 
time a straight path is provided downward through the 
plug to either leg for the entrance of sampling or filling 
tubes. The reversing channels of the plug arc sealed-off 
against the blank side of the shell. With a 90*^ turn of 
the plug in a clockwise direction, to position B, the 
connection between the cell and electrodes is still 
direct; however, the sampling ports arc m reverse 
communication with the cell legs. In this case direct 
sampling is not possible although the upper ports may 
be used as terminals for compensating mechanisms. In 
position C, 180®, the electrodes are reversely connected 
with the cell and again direct sampling is possible. 
Finally, in position £>, 270®, the clectrode-ccU connec¬ 
tion is reversed and there are no direct sampling chan¬ 
nels. 


Construction 

The wzc of the valve and its plug is governed by 
several considerations. It cannot be made larger than 
is permitted by the space available for its insertion in 
the standard frame. Also, increasing size involves 
concomitant increased sliding-surface area with serious 
lubrication problems at the reduced operating temper¬ 
atures of the bath. At the same time, the plug must be 
sufficiently large to permit boring of relatively large, 
non-contiguous channels and at the same time retain 

Manufactured hy Rohp lu^d Saas Con^iaiiy, Rhllad^idihi} 
Ffom^lvaniSf 
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sufficient plug*to-shell interface which can be ade¬ 
quately sealed with lubricant to prevent leakage. The 
cross-sectional area of the channels must be sufficiently 
large to insure minimal resistance to current in the 
system and well in excess of the cross section of the 
electrophoresis cell, whether analytical or preparative. 

The operating model has a plug which is 7.5 cm long 
and an average cross section of 8.25 cm, with shell 
dimensions to conform. The channels are 2 cm in 
diameter and the distance between the central planes 
of the channel openings at either end of the plug is 
approximately 4 cm. The plug is tapered along its length 
0.5 cm to fix its position in the shell and, in operation 
is prevented from coming loose by a spring tension on 
the smaller end against the shell. The larger open end 
of the plug bears a metal extension to permit insertion 
of a lever for rotation while immersed in the bath. 

Cemented on the lower side of the shell is a Plexiglas 
plate which is ground flat to serve as a sliding junction 
for the central section of the standard glass analytical 
or preparative cell. In the thickness of this plate, the 
circular channels which are continuous with those of 
the plug are tapered to rectangular slits with dimensions 
and position to conform with those of the cells. The 
top and side ports in the shell terminate in tubes of 
external diameter corresponding to those of the arms 
of the regular electrode vessels. The nipples uppermost 
on the valve shell are internally ground to accommodate 
standard-tapered sealing plugs. 

Assembly and Operation 

To assemble the equipment, the ground surface of 
the plug is lubricated with a proper consistency of 
petroleum jelly diluted with mineral oil, inserted in the 
shell and the spring-lock attached. The shell is then 
mounted upon the frame and, with the assembly 
inverted, the cell sections are slid into junction with 
the Plexiglas plate. A light spring is then pressed 
against the bottom section of the cell to keep the cell- 
assembly in firm union with the valve during all subse¬ 
quent filling and operatmg conditions. The assembly of 
the glass parts with that of the Plexiglas valve is made 
flexible to allow for variable contraction rates of the 
several parts of differing composition, and thus prevent 
‘freezing’* of sliding parts or high pressures leading to 
breakage of glass parts. The electrode-vessel arms are 
then attached by rubber tubing to the electrode ports 
of the shell and the assembly is placed into the bath for 
equilibration. The aj^ratus is then filled in the usual 
manner, insuring that aU the channels in the plug are 
free of air pockets during operation. 

The plugs in the sampling ports of the shell are fitted 
with three-way stopcocks, which may be adjusted for 
compensation or sampling as desired. When all the 


C-180« 

Fig. 3. Operating positions of valve. Electrode to cell connections; 

At B —direct; C, D —reverse. 

parts of the assembly and contents are in hydrostatic 
and temperature equilibrium, changing the position of 
the plug introduces no shift in the position of boundaries 
observable in the continuous cell channel; however, in 
practice one is insured against the possibility of shifting 
by the expedient of displacing the bottom cell-section 
whenever a shift in the operating position of the plug is 
made. All hydrostatic pressures in the assembly may 
then be equalized by appropriate adjustment of the 
stopcocks before the bottom section is replaced. 

When a reversal of the current is desired, the pwwer- 
supply line terminals are switched, reversing electrode 
charge, and the plug is then rotated to either of the 
two positions providing a continuance of the original 
polarities at the terminal ends of the electrophoresis 
cell. Thus migration of components in the cell may 
continue in an unchanged direction. 

A typical run with this accessory equipment in the 
standard Tiselius electrophoresis apparatus was per¬ 
formed upon a standard protein solution (normal bovine 
serum), with plug positions changed half-hourly with 
electrode reversal. The amount of voltage required to 
yield a given current in the run was the same for each 
of the four plug positions. The run yielded scanned 
patterns which were typical for this material, and from 
which mobility and composition data were calculated 
which were identical with those obtained from a run 
using the regular three-cell-section equipment, without 
electrode reversal. 
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An “Opener-Upper” for Gas Samples 

Francis J. Norton 

Gmera/ EUciric Reuarch Laboraioryt Schenectady, New York 
June 1, 1949 


an outer sylphon bellows covering it, and stopcock grease avoided 
entirely. The simplest version first described has proved entirely 
satisfactory. 

t Burr and Anhom. Scientific Glass Blowing (Initruments Publishing 
Company, New York, 1949) p. 245: R, T. Sanderson. Vacuum Manipulation 
Gohn Wiley & Sons, Inc.. New York, 1948) p. 67; Parkas and Melville, 
Ex^imental Methods in Gas Reactions (The Macmillan Company. New 
York, 1939) p. 148. 


V ARIOUS break-off devices have been in use to open gas 
samples sealed in glass so they can be led uncontaminated 
into a vacuum analytical systemJ 
By using spherical ground glass joints, available commercially, 
a device can be made for admitting a gas sample sealed in glass 
into a vacuum system. An absolute minimum of glass blowing 
skill is needed. The gas holder is simply a length of glass tubing, 
sealed at each end. It is scratched with a file or Carboloy scratcher 
at a suitable point, and placed in the ball-joint container. The 
ball-joint is of course lubricated with a good vacuum grease. The 
whole is then put on a vacuum system by the tapered joint, or 
sealed on, and the outer container evacuated around the gas 
sample tube. Then when suitable vacuum is attained, the gas 
tube is broken by moving the lower ball-joint section. This admits 
the sample, uncontaminated, into the vacuum system. Figure 1 
shows the device. A sturdy clamp should fasten the tube above 
the top of the ball-joint to a substantial support. 

A suitable size for the ball-joint is 18/9, of 18-mm ball diameter, 
9-mm i.d. tube. This outer tube should be sturdy. The inner gas 
holder can,bc A inch, or 5 mm diameter, with not too thick wails. 
It should be scratched at the point of maximum bend. 

Various modifications suggest themselves. For a much larger 
gas holder it would be better to have an extended smaller thinner 
end which is scratched and broken. For very heavy walled capillary 
tubing such as might be used for pressure experiments, the outer 
container could be a metal ball-joint. This metal joint could have 



A System for Preparing Semi-Transparent Mirrors 

Claude FrAmont 

Department of Physics, Laval University, Quibec, Canada 
May 14. 1949 

I N preparing semi-transparent mirrors for interferometers or 
other physical instruments by the usual evaporation tech¬ 
nique, it is difficult to obtain mirrors with exactly the desired 
transmission and reflection coefficients. This is due to the light 
coming from the evaporation filament interfering with the meas¬ 
urements, and to metallic films being deposited on the measuring 
apparatus. 

A system which overcomes these difficulties has been developed 
in this laboratory, tross sections of the apparatus with a sdie- 
matic diagram of the optical system is shown in Fig. 1. The optical 


VCRTICAL CROSS SECTION 



Fig. I. Vertical and horUontal cross sections of the aluminuing 
chamber with schematic diagram of the optical system. 

fiat to be surfaced is placed at A in the aluminiamg chamber which 
is evacuated by a diffusion pump. A tungsten filament D and / 
heated by d.c. current thorugh a control rheostat vaporises 
aluminum metal placed on it. The resultant molecular rays con¬ 
dense on the nearby optical flat. As the process continues* an 
intermittent beam of light* caused by a motor-driven toothed 
wheel rotating in front of a light-source S aod filter if, is directed 
onto the fiat A through a small semi-transparent mirror N placed 
just below the filament* on the axis of the system* and inclined 
at 45® to it. Tlw portion of the light tranMoitted by A U focused 
on the photoelectric cell Pi by the lens U, The portion reflected 
by A returns to N, where part of it is transmitted and focused by 
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FiO. 2, Photograph of the system. 


the lens Is on the photoelectric cell Pt. The outputs of these cells 
are amplified by a.c. amplifiers and measured by specially cali¬ 
brated meters reading respectively percentage transmission and 
percentage reflection. Since the photoelectric cells are connected 
to a.c. amplifiers, the continuous light coming from the evapora¬ 
tion filament either directly or after multiple internal reflections 
in the aluminizing chamber can in no way affect the measurements. 

The various light ports Wu Gi and G* are made vacuum 
tight by compressing glass plates between low pressure rubber 
gaskets. A rubber-gasketed vacuum joint at B permits easy access 
to the filament D. This consists of tungsten wire, bent into a 
series of V'% which form a circle, as at I, The whole filament 
assembly C, D and £, may be removed by simply sliding it up 
along C. The banana plugs F serve as electrical connections for the 
filament, being fixed to metal-glass ”Kovar” seals at K, 

The adjustment of the transmission meter is very simple if the 
initial transmission of the optical flat is chosen as 100 percent. It 
is then only necessary to adjust the gain of the amplifier before 
the evaporation starts so that the meter reads 100 percent. One 
can also get an absolute value of the transmission by adjusting 
the meter to 100 percent when the optical flat A is not in the 
apparatus. With this glass disk in position, measurement of the 
transmission before, during and after the surfacing is thus possible. 
It is to be noted that the distance of the luminous source, the 
fight absorbed by the light ports Wu 0\ or ft, the amount of 
transmission and reflection of the mirror N and the distance to the 
cells Pi and Pt arc factors which do not Influence the results, as 
th^ are constant and thdr effect eliminated from measurements 
by adjusting the meter. 

Hie aero of the reflection meter is adjusted when the optical 
flat A and the reflecting surfaces Wu U and Pi are taken off the 
apparatus. The intermittent light falling on the photoelectric 
0^ Ps m these conditions comes only from that portion which 
txmm ikt aemUraasparent mirror is reflected by the light 
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port ft and again by the mirror N. The intensity of this beam is 
constant and its effect can be eliminated by the zero adjustment. 

A plane aluminized mirror, taken as standard, is then placed at 
A and the gain of the amplifier adjusted so as to read 100 percent ^ 
of reflection. The intensity of the light reflected by the surfaces v 
Wu Li and Pi is measured by simply taking off the standard 
mirror. It was foimd to be 8 percent of the total reflection and 
corrected on the scale of the reflection meter. In correcting this 
meter scale one must keep in mind the fact that the light reflected 
by these surfaces must cross the aluminized mirror twice and so 
its intensity will vary as the square of the incident light. In this 
case it is also possible to adjust the meter so as to read the absolute 
percentage of reflection instead of the percentage of the maximum 
reflection. For this adjustment the meter is set to the absolute 
value of the reflection coefficient of aluminum for the wave-length 
used^'* with the “standard*' mirror in position. 

The uniformity of the metallic deposit can be calculated* and 
the dimensions of the aluminizing chamber chosen accordingly. 
In the present case the relative error in depth between the center 
and side of a 2-cm diameter semi-transparent mirror is less than 
0.7 percent. 

The surfacing time is a function of the distance from the fila¬ 
ment to the mirror and of the filament tempertaure. For a given 
distance and temperature, the intensity of the transmitted light 
through the mirror is an exponential function of the time of 
evaporation as shown by the experimental curve given in Fig. 3. 
When the filament is turned off, the evaporation stops very 
rapidly, even with a strong current. This gives a precise control 
on the value of the transmission coefficients. As a certain amount 
of absorption takes place in the glass and the metallic film, we 
cannot expect that the sum of percentage of transmission and 
reflection will be 100 percent. In fact this difference gives us the 
percentage of light absorbed in the film. 

With this aluminizing system it is thus possible: (a) To measure 
precisely before, during and after the deposition the transmission 
and reflection coefficients of semi-transparent surfaces. These 
coefficients are measured normally to the surface and for a given 



TIME m SECONDS 


Fig. 3. Percentate of the initial transmiMlon as a function of the time 
of surfacing for a semi-transparent alumintxed mirror. 
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wave-length, (b) With a ^ghtly modified filament it is possible 
to evaporate other metals than aluminum* The filament is wound 
on a suitable form so as to make a series of small helical cones in 
which are placed some bits of the metal to be evaporated. The 
molten drc^s will stay in these small '^crucibles’’ by capillarity 
without wetting the filament and will be evaporated, (c) By re¬ 
placing the windows and the small semi-transparent mirror with 
quartz or plastic plates it is possible to use the same apparatus 
for wave-length down to the limit of transmission of air. (d) The 
system might be very useful for studying the optical properties of 
thin metal films. For example it would be very well suited for 
caamining the variation of transmission and reflection of these 
films with time, even in vacuum, wluch phenomenon has been 
noticed by Edwards and Peterson.^ It should be easy to modify 
the system so as to measure simultaneously during the evapora¬ 
tion, the electrical resistance, the transmission, the rejection and 
and by difference the absorption of the metallic film. 

The author wishes to thakk Professor £. Persico and Dr. H. P. 
Koenig for many helpful suggestions in the design and construction 
of this apparatus. Thanks are also due to Professor L. Kerwin 
who kindly revised this manuscript. 

‘Uljanin, Physilt. Zeita. U, 784 (1910). 

*£. Hulburt, Astrophys. J. 42, 205 (1915). 

*John Strong. Froc«4ufe in Experimental Physics (Prentice>HAll, Inc.. 
New York. 1945). p. 177. 

W. Edwarda. and R. P. Petmon. J. Opt. Soc. Am. 27. 87 (1937). 


A Method of Asymmetrical Pulse 
Duration Modulation 

RiCHAitD John Watts 

JLos Alamos Scientific iJiboralory,* Los Alamos, New Mexico 
April 20. 1949 

A WELL-KNOWN electronic circuit in nuclear physics is the 
pulse height discriminator. This circuit is In general based 
upon the Schmitt' trigger circuit. It is the purpose of this note 
to point out how this circuit may be made the basis of a method 
of pulse duration modulation. 

The pulse height discriminator is characterized by the property 
that when the signal voltage on the grid of one of its member 
tubes exceeds some given value of voltage on the same grid 
(which may be adjusted) the circuit assumes a quasi-stable state 
and does not return to its stable state until the signal voltage 
decreases below the given value. The output of such a circuit is, 
therefore, essentially a square wave whose duration depends upon 
the time the wgnal was above the reference value of voltage. 

Figure 1 illustrates by means of a block' diagram the method of 
making use of this characteristic. Block 1 is an audio amplifier 
whose output varies the voltage on the grid of the discriminator 
tube In accordance with the incoming audio signal. The important 
point about this signal is that it is adjusted in peak amplitude so 
that it never flips the discriminator to its quasi-stable state. 

It has been shown by Shannon* that if a function /(f) contains 
no frequencies higher than W c.p.8., it is completely determined 
by giving its ordinates at a series of points spaced \/2W seconds 
apart. 
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Fig. 2. Voltage and time relationehtps on the grid of the pulae height 
diacrlminator adth the duration of the subaequent output waves. 


For the system illustrated the \/2W seconds apart sampling 
rate is obtained by means of a repetitive sawtooth generator.* A 
sawtooth of voltage from this generator is also impressed upon 
the grid of the discriminator. This sawtooth is large enough to 
make the discriminator flip. The instantaneous value of the audio 
voltage on the grid will determine how much more voltage the 
sawtooth must supply before the discriminator flips and in turn 
the time the sawtooth voltage is above the reference voltage will 
determine the duration of the output square wave. This process 
is illustrated by Fig. 2. Let the horizontal line represent Uie grid 
reference voltage at which the discriminator flips. It can be seen 
that the addition of the audio voltage to the sawtooth voltage 
will determine the time at which the sawtooth voltage will reach 
the grid reference voltage. The vertical dotted lines then indicate 
the duration of the output pulse. Inasmuch as the sawtooth 
voltage drops rapidly^ only one side of the output wave is modu¬ 
lated. The output consists of a series of pulses ^aced 1/2W 
seconds apart with the width of each pulse determined by the 
instantaneous audio voltage. 

Figure 3 is a schematic of a dreuit used to test the method. 
The solid lines indicate a d.c. method of connection which has 
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Fig. 1 . Block dlfttnun of a method of putoe dmtioo modulation. 


Fig. 3. Sehematlc of a dreuit utad to ttd tbt methedi 
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been found useful for modulating a slowly varying d.c. voltage. 
Tbe dotted lines indicate an a.c. method of connection useful in 
ordinary audio work. 

* This docitment ii bused on work performed at Los Alamos Scientific 
Laboratory of the University of Calliorala under Government Contract 
W-7405-cng-36. 

>0. H, Schmitt. J. Scl. Inst. IS, 24 (1938). 

*C. E. Shannon, Proc. I.R.E. 37, U (1949). 

> R. J. WatU, Rev. Sci. Inst. 20. 81 (1949). 


A Note on the Preparation of Uniform 
MetaUic FoUs* 

S. D. Wakshaw 

Institul* for NucUar Studies, The University of Chicago, Chicago, Jllinois 
June 3, 1949 

F requently, work with low energy charged particles 
demands the use of metal foils with thicknesses of the order 
of 0.4 mg/cm* or less. While gold and aluminum foils can be ob¬ 
tained commercially, these generally have local non-uniformities 
of thef order of db20 percent of the average thickness. Such local 
gradients make these foils unsuitable for, say, a measurement of 
the energy loss of a collimated beam of charged particles. 

With the method described in this note, uniform foils of reason¬ 
ably known thickness, free of wrinkles and pin-holes, may be 
prepared from a variety of metals. While the technique is not 
radically different from that used in electron microscope work,' it 
is felt that it is sufficiently convenient to serve as a useful tool for 
several applications in nuclear physics, and therefore warrants 
this note. 

Procedure, Carefully cleaned glass slides were first coated with 
a weakly adherent plastic film by immersion in a 5 percent solution 
of pyroxylin in a 50 percent mixture of ether and alcohol; the slide 
was withdrawn in such a way that the excess liquid could drain 
off. The concentration of the pyroxylin was not found to be critical, 
but best results were obtained when the liquid flowed easily, and 
was still just concentrated enough to form a barely visible coat 
on the glass when dry. (Pyroxylin is sold as ‘Tarl^ion*' by the 
Mallinckrodt Chemical Company.) The coated slide was then 
placed in a vacuum evaporator, on a wire rack at a convenient 
distance from the source, and, using standard evaporation tech¬ 
niques,* covered with metal. After evaporation, the edges of the 
film on the glass were roughed with a sharp knife, and the film 
cut across at about 2 cm intervals. The slide was then immersed 
at about a 45® angle to the surface of a dish of distilled water. The 
surface tension of the water was usually enough to peel the plastic 
film off the glass, carrying the foil with it, and leaving the foil and 
badiing floating on the water surface. If the parlodion solution 
was too dilute, the water generally failed to disengage even the 
edges of the fbil; it was then necessary to soak the slide in an 
ether-alcohol mixture for a few minutes, and free the foil completely 
by working at the edges with a wire loop and forceps. However, 
if the foil were freed under the surface of the liquid, it generally 
curled up,'indicating that it was deposited in a highly strained 
state. This, of course, made mounting difficult. Small local strains 
also developed, very often, around dust particles and water 
bubbles in the plastic solution; therefore absolute alcohol was used 
and the solution prepared as dust free as possible and stored in a 
dean, glass-stoppered bottle. 

For mounting the foils, it was convenient to use a small brass 
frame, about 1.5X2 cm, with a 2mm wall This was placed under 
the fl^tiing foil and raised carefully so that the sudace tension 
would not cause any rupture. The last few wrinkles were removed 
witik tbe aid of a brush dipped in alcohol and the foil then 
washed free of the plastic by dipping it, mounted on the frame, 
into the ether alchohol, at right angles to the Uquid surface. 
MmmmerU Thickness, A mirror from a Michelson inter- 
was placed in the evaporator bell jar at the same time 
Ulbe dide, 40d in as nearly the same geometry as possible, 


but with half of the mirror covered by a shield. The deposit of 
metal on half of the mirror then corresponded to the amount 
deposited on the glass slide. Fringes were obtained with yellow 
(Na-D lines) and the relative displacement of the two sets of 
fringes—one set from each half of the mirror—then gave the 
linear thickness of the foil in half-wave-length units, after the dis¬ 
placement was first estimated using white light to determine the 
integral number of fringe displacements. It was found moat con¬ 
venient to make an enlarged photograph of the fringes, and de¬ 
termine the displacement from this with a traveling microso^. 
The probable error, obtained by measuring a large number of 
displacements separately, was al>out d=2 percent. The linear 
thickness was then converted to mg/cm* by using the usual bulk 
density of the metal. 

A serious objection to this procedure is that the evaporated 
foils are possibly porous^ and therefore the bulk density is not 
appropriate. In order to check on this possibility, several accu¬ 
rately defined areas of the foils were, while still on the glass slide, 
dissolved in acid and quantitatively analysed by titrating the 
8-hydroxyquiniUne precipitate against standard bromatc.* The 
internal probable error of the chemical determination was about 
d=1.5 percent and the chemical result (in mg/cm*) was about 
2 percent lower than the physical This good agreement may, of 
course, be fortuitous;* a cautious estimate of the error in thickness 
would then be obtained by adding all of the relative errors without 
regard to sign. TTius the foils could have been 2-f-1.5-|-2«5.5 
percent “thinner” (in mg/cm*) than the interferometer method 
implied. Even this figure, however, compares favorably with the 
errors inherent in the use of hammered or rolled foils; further¬ 
more, for many applications in nuclear physics, the thickness 
need not be known very precisely. 

So far, the method has been used for the preparation of Al, Cu, 
Au, Ag foils, with thicknesses ranging from 0.04 to 0.3 mg/cm* in 
the case of aluminum, and from 0.1 to 0.4 mg/cm* for the heavier 
metals. 

• AMisted by the joint program of the ONR and AEG. 

»V. K. Zworykin ei al„ Eiectron Optics and the Electron Aftcroscope^Oohn 
Wiley & Sons. Inc.. New York. 1945) p. 328 ff. 

• John Strong, Procedures in Experimental Physics (Prentice-Hall, Inc., 
New York, 1945). Chap. 4. 

• I. M. iColtho£F and E. B. Sandell. Quantitative Inorganic Analysis (The 
Macmillan Company, New York, 1936), p. 306. 

«L. SchuU of the Institute for the Study of Metals has kindly pointed 
out that porosity may account for 10 percent of the volume in evaporated 
foils. The only precaution taken against this was to perform the evapora¬ 
tion very slowly, i.e.. for periods oi from 5 to 10 minutes. 


Note on Removing the Deuteron-Induced 
Color from Quartz Target Plates'* 

A. A. SCHUl.KE AfitP R. E. NimLLK 
Department of Physics, Washington University, St, Ixiuis, Missouri 
June 6, 1949 

Q uartz plates are frequently employed in this laboratory 
^as a visual aid in the alignment of the various cyclotron 
target assemblies. These plates are bolted to the end of each 
target and the bright blue glow observed as they fluoresce under 
deuteron bombardment. The advantage of this method are that 
the glow can be observed from a remote position by means of a 
telescope-mirror arrangement and, since a relatively short bomb¬ 
ardment produces a deep purple color in the plates, rough measure* 
ments of the beam pattern can be made in situ. Disadvantages are 
that the plates are relatively expensive—$15 to $20 each—md, 
since the color change is apparently stable under normal condi¬ 
tions, the plates can be used only once. In an effort to restore the 
plates to their original transparent state, heat treating experi¬ 
ments were conducted. At a threshold temperature of 280*F, the 
areas which had been colored by the deuterons were observed to 
^ve off a strong blue fluorescence which gradually diminished in 
intenrity over a period of ten minutes or so. It was noted that this 
decrease in intensity was accompanied by an increase in trans* 
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parency of the plates as the deuteron-induced color disappeared. 
The end point was difficult to determine. At higher temperatures, 
300®F to 400*F, the effect was more intense hut the duration 
shorter. At still higher temperatures, 600“F to 700®F, the plates 
glowed brightly for a minute or two after which it ceased suddenly 
leaving the plates perfectly clear. 

• Assisted by the joint program of ONR and AEC. 


Welder for Attaching Fine Wires 
to Massive Metal Bodies 

W. J. Trott* 

General Motors Corporation, Research Laboratories Division 
April 23. 1949 

T he equipment described in this paper was originally devel¬ 
oped for welding thermocouple wires of 22 gauge onto the 
surface of 37-mm armor-piercing shot bodies in order to measure 



Fig. 1 . Complete welding equipment and samples of work. 


their temperature throughout the heat-treating cycle in an in¬ 
duction furnace. Later the equipment was used to spot thermo¬ 
couples at various points and depths in 75-mm shell bodies for a 
heat-treat check and to spot thermocouples for bearing tempera¬ 
ture measurements. In these applications, where the temperature 
is rapidly changing, the usual method of wedging or peening 
thermocouple wires into small holes provides insufficient heat 
conduction for consistent and accurate temperature measure¬ 
ments. Some method of welding the wires to the shot bodies was 
needed. 

In the method described in this paper, the heat required for the 
weld is developed instantaneously to produce equal heating in 



the wdd area of the two parts despite the much larger heat dis¬ 
sipation of the heavier piece. 

The operation of the welder is as follows: Condensers arc con¬ 
nected to the wire and the mass of metal to which the wire is to 
be welded. The wire is held away from the mass of metal until the 
condensers are fully charged. By tripping a spring, the wire is 
quickly brought against the mass of metal; the sudden discharge 
of the condensers producing the weld before the mass of metal can 
carry away the heat. However, if the wire bounces upon contact 
with the mass of metal, no welding may take place. Consequently 
a chuck was designed to hold the wire so that it is permitted to 
slip and thus absorb the bounce by friction between the chuck 
jaws and the wire, maintaining contact without motion or strain 
between the parts until the weld is completed. This is accomplished 
by using a compressive spring to close the jaws of the chuck over 
the wire. 

Figure 1 shows the apparatus consisting of a power supply 
(upper right), a condenser bank (upper left), a ground plate on 
which the mass of metal is placed, and a holder for the wire. This 
figure also shows the meth^ by which welds arc made on round 
stock and various samples of welds which may be made with the 
equipment. 

The instantaneous heat energy required to make a good weld 
ranges between melting and exploding, or rapid vaporizing, of 
the wire. This means that the electrical energy, 1/2CF* must he 
proportional to the cross-sectional area of the wire, or if the 
capacity remains fixed the voltage must l>e increased in direct 
prqiortion to the diameter of the wire. Penetration of the weld 
is approximately equal to the diameter of the wire; thus, if the 
part welded to the wire is thinner than the wire diameter then 
the voltage is reduced to avoid melting a hole through the piece. 

The power supply produces d.c. adjustable from SO to 225 
volts. The diameter of the wire to be welded or the thickness of 
the piece, whichever is the smaller dimension, determines the 
voltage required for the weld; this voltage is independent of the 
material. A tuning eye with a sensitivity control is provided to 
indicate full charge on the condensers. A switch allows the wn- 
densers to charge in the *‘On*' position and shorts the condensers 
through a resistor for safe handling in the *‘Off’’ position. 

The wire holder pictured in Fig. 1 is shown in exploded detail in 
Figs. 2 and 3. The wire to be welded is threaded down through the 
knob (Fig. 2) and out through the chuck ‘T’ with normally i 
inch of wire extending beyond the chuck jaws. The chuck is held 
closed by compression of the spring “a** drawing it into the tube 
“A’’ of the driver assembly. This chuck is released by gripping the 
barrel of the wire holder as shown in Fig. 1 and pushing in 
the knob “5”. The driver assembly is cocked in position ready for 
welding by pulling up on knob thus compressing the driving 
spring and fixing latch to engage shoulder of the 
driver. When the tuning eye indicates that the Cftndensers are 
fuUy charged and the wire holder is in place over the mass of 
metal the latch is released, the wire is driven against the metal by 
the impelling spring, the chuck slips along the wire to maintain 
contact without bounce, and the weld is made. 



Fic. 2. Exploded view offwlre holder. 


Fig. 3. Drawing of wire holder* 
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Fiu. 4. Power Supply. Percussive welder 
(universal type). 

a. Spring^huck .035 wire 
clamping 

h. Knob C.R.S,—case harden 

€. Latch Fiber 

d. Sleeve-threaded Fiber 
- Cap Fiber 

/. Sprlng'driving .018 wire 
£, Driver Brass 

fl. Tube-driver Monel 

». Jaw-chuck C.R.S. 

J. Spacer Fiber 




For each weld the driver assembly should reach the end of its 
stroke with the chuck jaws A inch from the surface of the mass of 
metal. This adjustment is made by choice of length of spacers, 
and by screwing the threaded sleeve along the barrel. Tube 
was made J inch in diameter and 2i inches long to permit 
welds to Ijc made in the bottom of A*ioch holes to a depth of 
two inches. 

Figure 4 is the wiring diagram of the power supply. The block 
to the left in Fig. 1 contains several types of welds. One wire was 
welded in a A'inch diameter hole to a depth of one inch with the 
aid of spacer No. 3 in Fig. 2. A piece of paper rolled in a cylinder 
and placed in the hole in the block insulated the driver tube (“A” 
in Fig. 2) from the steel block. When the weld was completed, a 
porcelain tube was inserted into the hole to support the wire. If 
it Is desired to weld two wires into one hole the procedure is 
slightly modified. A two-hole porcelain tube is cut to a length | 
inch longer than the depth of the hole. One of the two holes in the 


porcelain tube is broken away to a distance less then J inch from 
one end. The first wire is then mounted in the wire holder with 
the wire extending beyond the chuck by a distance of i inch 
greater than the length of the porcelain tube. The driver assembly 
is then cocked, the wire is inserted into the one of the two holes 
in the porcelain tube which was broken away, and the weld is 
made in the usual manner. When this first wire has been welded, 
it is bent down below the surface of the upper end of the porcelain 
tube into the region that was broken away. Thus the first wire is 
safely insulated during the welding of the second wire, and the 
second wire is welded in the same way as the first. The other 
samples consist of a s*y-inch thick sheet of aluminum to which 22 
gauge Chromel and Alumel wires were welded and a 0,005-inch 
thick sheet of brass to which a 22 gauge iron wire was welded. 
These two welds are necessarily weaker, but will stand some 
abuse. 

• Now at Navy Underwater Sound Reference l^aboratory. 
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W. A. WUdback: Associate Sditor 
Itt Charge of this Section 

National Bureau of Standards, Washington, D. C. 

Th«i 0 deseriptioHS are based oh information supplied by the manufa^urer 
Hnd in some cases from independent sources. The Revibw uiramrj ho 
respontibUUy for thek coneUness, 


Low-Frvquency 

Oscilloscope 


A new low-frequency cathode- 
ray osciiloscope with optional re¬ 
cording camera has been developed 
primarUy for measurements in the sub*audiblc frequency range, 
with adequate high frequency response to handle all significant 
harmonics of this frequency band. It should prove particularly 
useful in vibration studies, strmn gauge measurements, servo 
mechanism development, electro-physiological research, and other 
wmk of the same general nature. 


Signals are displayed on a 5-inch long-persistence cathode-ray 
tube. Fixed sweep speeds of 1, 2, and 4 inches per second are pro¬ 
vided on the time base, which may be either continuously recurring 
or externally triggered on a single-sweep basis. 

On the recording model, a continuous 35-mm photographic 
record may be made with the internal camera which photographs 
the cathode-ray tube pattern through the back of the cathode-ray 
tube bulb. A single control on the front panel is required to 
operate the camera, and the vertical motion of the ^ot can be 
fully observed on the screen while the record is being made. 
Accurate timing and amplitude markers may be printed on the 
film by the camera at the same time as the trace is recorded. The 
camera is daylight-loading, holding 100 feet of the film per 
loading, the raving cassette will acc^t up to 20 feet of record. 
Recording paper or film may be used, depending on the speed of 
the traces to be recorded. 

The vertical (F) amplifier Is a 4-tube differential amplifier of 
high sen^tivity (300 microvolts/inch). The differential feature 
allows it to be used in high^hum fields, or under other conditions 
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where an undcsired signal-to-ground exists on the two push-pull 
input terminals. By the use of low-frequency compensating 
circuits^ extremely good low frequency response is obtained from 
the RC-coupled amplifier, and it is flat (3 db) from 1/20 c.p.s. to 
1200 c.p.s. A single-ended connection is also provided into the 
last two stages of the amplifier, giving d.c. response at a maximum 
sensitivity of 50 millivolts/inch. 

The entire instrument is contained in two black crackle-finish 
units, each weighing roughly 25 pounds and provided with 
carrying handles. The visual unit (including camera) may be set 
up in the most convenient operating position, and the power 
supply unit may be located within range of its 6-foot inter¬ 
connecting cable,— Special Products Division, Smith and 
Stone, Ltd., Georgetown^ Ontario^ Canada, 


High-Frequency The new MUUvac mv-isa 

Voltmeter vacuum-tube voltmeter measures 

r-f voltages down to a single 
millivolt at frequencies between 1 megacycle and 200 megacycles. 
Within this frequency range, it is flat within 10 percent. When 
used for higher frequencies, larger response-corrections have to 
be made. The instrument can be used for frequencies as high as 
2500 me, 10 mv then being the lowest voltage which can be read. 



The MV-18A, for low voltage measurements, uses germanium 
'^pseudo-thermocouples” as a detector and a highly sensitive, 
high impedance, carrier-type d.c. amplifier which converts the 
minute d.c. voltages, developed by the thermoelectric effect 
within the germanium crystal, into meter readings. For high 
voltage measurements, up to 1000 volts, regular crystal diode 
rectification is used. Three different germanium probes are 
available for this purpose which have various capacitive input 
dividers to **trade surplus sensitivity for minimum circuit loading.'* 

Direct TV and FM field-strength measurements, complete r-f 
signal tracing through TV and FM receivers at actual operating 
signal levels, and VHF and UHF lalxiratory research are among 
the most important applications suggested for this new instru¬ 
ment.— Millivac Instruments, F. 0. Box 3027^ New Havenj 
Connecticut, 

Accelerometer Exceptional sensitivities and 

natural frequency ranges are char¬ 
acteristic of the new Model 18 Accelerometer, which allows direct 
operation of voltage and current indicators and recorders to higher 
frequency ranges than previously possible without complicated 
amplifying equipment. 

The Model 18 Accelerometer is a vacuum-tube device, re¬ 
quiring 6.3 volts filament supply and approximately 1 ma plate 
current, through a suitable load resistor, from a plate voltage 
supply of 100 to v3()0 volts. Pick-ups are constructed with stops 
to limit motion of the sensitive element. 



Standard pick-ups, ruggedly cased and protected against over¬ 
load shocks, weigh two ounces; special designs, uncased, weigh 
only 5 grams. Pick-ups having natural frequencies from 80 to 
450 c.p.8. have a corresponding range of sensitivities from 15 to 
0.21 volts per gravity acceleration, and acceleration ranges from 
1 to 70 g. Natural frequencies as high as 1700 c.p.s. are obtainable. 
Suitable damping is provided, and each instrument is individually 
calibrated. 

The accelerometers are d.c. operated and can deliver as much 
as 400 microamperes into 1000 ohms impedance, or 20 volts into 
1 megohm at full range output without amplification.—^T he 
Calxdyne Company, 751 Main Street, Winchester, MassachuseUs, 

Automatic Scaler The Berkeley Scientific Com¬ 

pany has included in their line of 
instruments a fully-automatk Geiger-MttUcr scaler, Model 2000, 
The number of counts is read directly in numbera on the front 
panel, eliminating the need for interpolation. A decimal scale of 
1000 is used in combination with a new direct-reading mechanical 
register with aero reset. High voltage is electronically r^pidated 
to 0.005 percent and is of the new r-f type which has proved 
very satisfactory in other equipment, 

A <^ect-reading electric time dock is built-in. Automatic 
operation for a predetermined number of counts (up to 20,600) 
may be conveniently reset by selector knobs on tte front panel* 
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An acceftsory timer is available for automatic operation for 
predetermined time intervals. 

The entire circuit is divided into seven removable plug-in units, 
which affords complete accessibility and permits rapid exchange, 
testing and servicing. Three decimal counting units are used to 
form the scale-oMOOO. Other plug-in units contain the high 
voltage power supply, voltage-regulator circuits, input amplifier 
and output amplifiers. Forced-air cooling is provided by a quiet 
built-in fan. 

Berkeley has also announced a new Geiger-Mtiller scaler, 
Model lOOOB, designed for laboratory work and research in all 
fields. It weighs only 14 pounds and is smaller in sixe than a 
portable typewriter.— Berkkley Scientific Company, Sixlk 
and Nevin Avenue^ Richmond, California, 


Temperature The Taylor Transaire with 

Transmitter Speed-Act is a new force-balance 

type pneumatic temperature trans¬ 
mitter. It is designed particularly for applications where it is 
desirable to have the indication, record or control remotely 
located from the point of measurement and where it is necessary 
to have accuracy, high speed of response, small thermal elements, 
and short range spans within the limits of —375® and 4-1000®F. 

The Transaire Temperature Transmitter operates on the force- 
balance principle. As temperature increases, pressure within the 
thermal system increases in direct proportion and causes a 
diaphragm to move upward. This upward motion results in 
motion of a lever which causes a baffle to move away from a 
nozale and give decreased nozzle pressure. The output air pressure 
increases and causes an increased downward force to be exerted 
by bellows, which counter-balances the force on tlic lever due to 
the temperature change, and brings the system into equilibrium. 



The new output pressure is a measure of the new temperature and 
is transmitt^ to the remote receiver or receiver-controller. By 
means of a i-inch O.D. copper tubing, this pressure can be 
transmitted to receivers as far as 1000 feet away, and even farther, 
depending on conditions. 

The principle of derivative action is applied to decrease the 
lag inherently present in the response of any form of thermal 
measuring element. This feature of the instrument is called 
*^Speed-Act.” 

Other unique features of the new Taylor Transaire Temperature 
Transmitter are: (1) Unusually small thermal elements (cigarette 
size) which contribute to the high speed of response as well as 
convenience of installation; (2) short range spans to permit closer 
readings; (3) adjustable operating ranges to permit a wider range 
of application by individual instruments; (4) fixed air output 
range of 3 to 15 p.s.i. for full temperature span, linear to 0.1 per¬ 
cent; (5) compensation for barometric and ambient temperature 
changes; (6) interchangeable unit assemblies; and (7) thermal 
systems built to withstand over-range temperatures up to 1000*F. 

The Taylor Transaire Transmitter is compact, fully encased to 
give adequate protection from dust and moisture. Convenient 
mounting brackets arc provided for pipe or wall mounting, or an 
adjustable bracket is supplied when the instrument is used with 
a separable bushing.— Taylor Instrument Companies, Rochester 
If New York, 


Deadtime and An electronic gating instrument 

has been designed and constructed 
at the National Bureau of Stand¬ 
ards for accurate determination of 
the dead time and recovery characteristics of Geigcr-M tiller 
counters. The dead time and recovery characteristics are important 
not only because the errors in counting depend on them, but also 
because they are intimately associated with the electrical discharge 
process. 

Incoming radiation in a Geiger counter causes negative electrons 
to be attracted to the positive wire. The highly mobile electrons 
reach the positive wire of a Geiger counter within a fraction of a 
microsecond after ionization has occurred. At the same time, the 
heavy positive ions begin moving toward the negative outer 
cylinder. These positive ions still remain in the vicinity of the 
wire long after the electrons have reached it. They form a sheath 
around the wire and reduce the field intensity below the value 
required for another avalanche to take place. If a particle enters 
the counter while the ions are still close to the collecting wire, 
Geiger action cannot occur. As the sheath of positive ions moves 
slowly outward, the electric field around the wire increases, 
reaching its normal value when the ions arrive at the outer cylinder. 

The deadtime is defined as the time interval after a pulse has 
occurred during which the counter is insensitive to further ionizing 
events. Physically it is the time required for the positive ions to 
travel far enough from the wire to let Geiger action resume. 
Similarly, the recovery time is defined as the time interval that 
must elapse after a pulse has occurred before a full-size pulse can 
again occur; physically it is the time required for the positive ions 
to reach the counter wall. Both the deadtime and the recovery 
characteristic of a Geiger counter, as well as the input sensitivity 
of the associated circuits, are involved in the "resolving time,’* 
defined as the minimum time interval by which two pul^ must 
be separated to be detected as separate pulses by the counter and 
its accessories. 

Since nuclear disintegrations occur in a random manner, there 
is a finite probability of two disintegrations occurring within any 
given time Interval Because the counter is dead for a short period 
alter each pulse, some disintegrations are not detected, resulting 
in a discrepancy between the number of particles entering the 
counter and the number of counts recorded. 

With the NBS electronic gating instrument, it is possible to 
study the pulses that occur in the time interval between the end 


Recovery of 
Geiger Counters 
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of the dead time of a Geiger counter and the end of a predetermined 
gating period. In practice, the counter under test is exposed to a 
steady source of radiation, and the number of accepted counts is 
recorded for various gating times. As the gating time is reduced, 
the number of counts decreases. The deadtime is obtained by 
plotting a curve of accepted counts versus gating time and extra¬ 
polating to hnd the intersection of the curve and the time axis. 
By adjusting the gating instrument to accept only pulses above 
a certain site, it is possible to obtain similar curves for which the 
time-axis intercepts represent the recovery time of the counter 
for various pulse amplitudes. 

When the gating instrument is in operation, random pulses 
from a Geiger counter are fed through the pulse amplifier to the 
pulse height selector and pulse shaping circuits to give sharp 
negative pulses of uniform height. These negative pulses follow 
two paths: one through an amplifier to a heavily biased stage, 
and the other through a delay circuit to a gating multivibrator. 
An initiating pulse entering the system finds Channel 1 blocked 
by the heavy bias. But by way of Channel 2, it trips the multi¬ 
vibrator and opens Channel 1 for pulses to pass. Because of the 
delay in Channel 2, Channel 1 is not opened until the initiating 
pulse has died away. The delay used is 15 microseconds. Subse¬ 
quent pulses find Channel 1 open, go through it, and are counted. 
After a time determined by the circuit constants of the multi¬ 
vibrator, Channel 1 is blocked off again and the whole process is 
repeated. For the usual counting rates, the probability of having 
more than one pulse during the interval while Channel 1 is open 
is very small. In effect, the system selects pairs of pulses with a 
time separation less than a selected value determined by the 
setting of the controls on the multivibrator, and one count is 
recorded for each such pair received. In the determination of 
recovery curves, the bias voltage of the pulse height selector is 
adjusted to discriminate against pulses of less than a selected 
siae.—NATiONAL Bureau of Standards, Waskinglon 25^ D, C. 

Gaiiuna*-Ray An improved type of gamma-ray 

Detection Tube detection tube wWch is five to six 

times more sensitive than standard 
tubes now used for tracing medidnal isotopes, analytical chem¬ 
istry, search for radioactive ores, thickness gauges, geophysical 
stupes, industrial control, and radiation survey meters, has been 
announced by Sylvania Electric Products, Inc. 

The increased senwtivity and compactness of the new tube tend 
to reduce the psychological reactions of patients who have 
hitherto been faced with apparatus resembling a **cannon” and 
placed very close to the body. With the new gamma-detector 
tube, which is only rix inches long and two inches in diameter, 
^lations from isotopes may be measured with the tube several 
inches from the body. Since the intensity of nuclear radiations 
follows the inverse square law, relatively remote measurements 
pemitted by the more sensitive tube also tend to give the phy¬ 
sician more accurate observations. Also, increased sensitivity 
permits effective dosage with lower concentcatioii of tracer 
isotopes. 


For tracer chemistry applications in medicine, it is more 
directional than gamma-tubes hitherto available. Directional 
characteristics may he increased through the use of external lead 
shielding, so that maximum effectiveness may be obtained within 
ten degrees of either side of its ^Vindow.'* With suitable external 
shielding, the tube provides precise measurements, since it may 
be aimed at the organ of the body being studied. 

The new GG306 gamma-ray detector tube is self-quenching; 
operates at 960 volts; has an average Geiger threshold of 900 volts; 
provides 810 counts per minute from 5 micrograms of radium 
filtered through | inch of lead 12 inches from end; has a maximum 



recovery time of 800 microseconds; has a maximum dead time of 
100 microseconds; is suitable for an input circuit impedance of 
5 megohms; and has an ambient temperature rating of —40® to 
-70®C.— “SyLVANiA Euectrjc Products, Inc., 500 Fifth Avenue^ 
New York IS, New York. 

Beta-Gauges Tracerlab announces the Beta- 

Gauge, an industrial measuring 
and control instrument using radioactive isotopes. The essential 
components of the gauge are a source of beta-radiation from 
strontium-90 and a radiation detector. Sheet material to be 
measured is interposed between the source and the detector, and 
a part of the radiation is absorbed by the sheet material in 
proportion to its weight per unit area. Weight per unit area or 
thickness is read on a properly calibrated recorder connected to 
the detector. The recorder scale can be calibrated in terms of a 
plus or minus deviation from specifications or as an absolute 
thickness or weight reading. 

For practical purposes, the chemical composition of the sheet 
being measured docs not affect the calibration of the instrument. 
The Tracerlab Beta-Gauge is comparable to a chemical balance 
in that it will provide the same information as is obtained by 
weighing on a balance a known area of the sheet material in 
question. Moisture, clay, chemicals, etc., affect results only in 
proportion to their weight in the sheet. 

An outstanding advantage of these gauges is the fact that no 
physical contact is made with the material bdng measured, 
causing no marking of delicate or easily marred surfaces, as is the 
case with mechanical and other contacting gauges. 

A few typical uses of the Tracerlab Beta-Gauge arc measuring 
Cellophane and other thin plastic films, plastic and rubber sheets 
up to A inch thick, paper ranging from heavy board to extremely 
thin condenser paper less than 0.0002 inch thick, sheet metal 
including steel and brass up to 0.040 inch thick, tMn aluminum 
foil, textile yam and roving, and coated textiles such as artificial 
leather. 

Model SM-2 Beta-Gkuge uses a Brown Electronik Recorder, 
and the gauge standardises itsd! con^letely automatkally every 
thirty z^utes. The inherent accuracy of the Beta<^Gauge is 
d:0.05 percent of sample thickness or mg/ctfi*, whk£sver 










NEW INSTRUMENTS 


629 



is larger. The amount of drift occurring between standardization 
periods is within the limits of inherent accuracy of the Beta- 
Gauge. Long life batteries which require renewal no more often 
than three a year are used as power supply to eliminate the need 
for a closely regulated a.c. power supply. Maximum sensitive 
length of the gauge is 15 inches^ while its minimum sensitive 
length is J inch. A non-recording industrial Beta-Gauge and a 
laboratory model Beta-Gauge are also available.— Tracerlab, 
Inc., 55 Oliver Strcelj Boston 10^ Massackiisetls. 


Tachometer A new electronic *‘pulse counter'* 

for accurate measurement of very 
high speeds has been announced by the General Electric Company. 
The equipment consists of a high frequency pulse generator or 
pick-up, an electronic counting circuit, and two speed indicating 
units, one for “on the spot" readings and the other for remote 
readings. 

A magnetic jmlse generator fits on the periphery of a drum 
which is attached to the shaft of the machine to be tested. The 
drum is magnetized, one side containing 150 magnetic poles and 
the other side 1500. When rotated, the drum generates electrical 
impulses in the magnetic pick-up; electronic circuits count the 
pulses at speeds up to 50,000 per second. The indicators do the 
necessary calculation and interpolation, and flash on an opal 
glass screen, in figures approximately 1-inch high, the number of 
revolutions per minute. Continuous readings are made and the 
figures on the screen change every second to indicate any varia¬ 
tions in the revolutions per minute. 

Up to 4000 r.p.m. the 1500-pole side of the generator is used, 
with an accuracy of 0,1 r.p.m., while over 4000 r.p.m., the mag¬ 
netic pick-up automatically shifts to the 150-pole side and the 



readings arc accurate to 1 r.p.m. Any system which generates 
electrical impulses din be used in place of the magnetic pick-up. 
For example, a disk on the shaft of the machine to be tested 
could be marked with black and white stripes and a photoelectric 
pick-up used to gather and relay the pulses to the electronic 
circuit. 

A reading is taken every second. The counting operation 
requires 8/10 second, while the calculation, inteTpK>lation, and 
indication of the figures utilize the remaining 2/10 second of the 
cycle. The timing for this fractional split is governed by a 1000- 
beat tuning fork oscillator which is accurate to about0.001 percent. 

The electronic counting circuit is housed in a 200-pound cabinet 
which measures about 5'X2'Xli'. The speed indicator is housed 
in a separate cabinet, approximately 2'X2'X1J'* The electro¬ 
magnetic tachometer generator weighs about 5 pounds and is 
approximately 6 in.X8 in.X4 in. Two hundred feet of cable may 
be used between the tachometer generator and the control 
cabinet, and another two hundred feet of cable may be used 
between the control cabinet and the indicating units.— General 
Electric Company, Schenectady 5, New York. 

Noise Generator The Type 810-A Noise Gener¬ 

ator is a compact and inexpensive 
source of random noise for use in research engineering and pro¬ 
duction testing. It provides a random noise with equal power in 
equal bands throughout the audiofrequency spcctnun and a 
substantial radiofrequency output if desired. A switch enables a 
noise output conforming to “noise of a general character” as 
specified by the American Standards Association. This range is 
particularly useful for calibrating sound level meters. 



Conveniently operated with the Type 20-A power supply, the 
Tyi>e 810-A uses one 6C4 and one 6D4 tube and has an audio¬ 
frequency output voltage from 0 to 0.2 volt. Frequency range is 
30 to 500,000 cycles in the r-f range, and 30 to 20,000 cycles in 
the a-f range. 

The necessary power requirements arc 6.3 volts a.c. at 0.6 
ampere and 250 to 350 volts d.c. at 12 ma, which ore provided 
by the Type 20-A power supply.—HERMON Hosmer Scott, Inc,, 
3d5 Putnam Avenue^ Cambridge 39^ Massachusetts. 


Counter Tube The RCL Flow Gciger-MUllcr 

Counter was developed to meet 
the requirements for a reliable, low cost and permanent self- 
quenching detector for alpha-, beta-, and gamma-radiation. It may 
be used directly with the usual commercially available scaling 
circuits, since it operates at approximately 1350 volts. 

The counter is cylindrically shaped and has a li inch diameter 
side window of 2.2 mg/cm* aluminum foil. The gas filling, supplied 
from a cylinder, is flowed slowly through the counter during 
operation. The gas mixture used has been developed to minimize 
formation of undesirable deposits on the center wire or cathode 
during operation, resulting in more reliable performance for an 
indefinitdy long life. Virtual elimination of non-conducting 
surfaces minimizes troublesome h)rstcresis eflects. 

The integral counter and mount design is particularly con¬ 
venient and readily adaptable to low cost diielding. The standard 
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RCL Ludt^ mount has geometry ranges of 38« 8, 3}, 1^, and 0.9 
percent and facilitates convenient absorption measurements. 
External mounting of samples eliminates necessity for long 
flushing periods. The counter is chrome finished.— Radiation 
Counted Laboratories, Inc., 1844 West Twenty-First Street^ 
Chicago 8j Illinois. 

Induction Tracer induction Tracer Type 154 is a 

versatile, highly sensitive portable 
instrument for the tracing of unknown paths of cables and pipes, 
the tracing of cable faults and breaks in pipe lines, identification 
of cables, and depth determinations by the induction method. 

In use, an ax. is injected at one terminal of the wire, cable, or 
pipe line under test, which gives rise to an alternating magnetic 
field surrounding the conductor concentrically. If the induction 



tracer is now placed in this field, e.m.f. will be induced in the 
special coils with which the instrument has been provided, and 
after suitable amplification, this e.m.f. is made au^ble in a pair 
of headphones. The magnitude of the e.m.f. falls of as the radial 
distance between the conductor and coils increases. By this 
principle, the induction tracer is capable of tracing accurately 
current-carrying conductors, and faults in these, as wdl as 
determining the orientation and approximate distance of a 
conductor. Depth determination is based on a potentiometric 
null method, using headphones as a detector. 

The instrument is a self-contained portable unit comprising a 
wooden carrying case, two special detector coils, a battery, a pair 
of piezoelectric headphones, and a three-stage amplifier. The 
last-named component possesses the following operating controls; 
function selector switch, gain control, depth measuring control, 
frequency response selector and on-ofi switch, pilot light. A linear 
or sharply-peaked frequency response characteristic may be 
emnloyed. The detectors, as well as the headphones, are provided 
with plugs so that the amplifier may be employed with other 
accessories.— Addison Electric Company, Ltd., J63 Holland 
Park Avenue, Zondon, WJI, England. 

Phase Meter knd Model 108-C Phase Meter pro* 

Field Streneth Meter ^ “Perated, and 

® accurate means for measuring the 

phase relations existing in directional antenna systems. Provision 
is also made for remote monitoring of the amplitudes of the 
currents in the several elements of the array. The phase indication 
is clearly displayed on a meter marked in two-degree intervals. 
One-half degree increments can be readily resolved. Although 
normally supplied for operation in the standard broadcast band, 
it is adaptable to other frequency ranges on special order. 

A new Field Strength Meter, operating in the range of 200 kc 
to 560 kc, has been designed particularly for the comthunlcations 
and industrial heating fields. Field strengths between 10 micro- 




NEW MATERIALS 


631 



volts per meter and 10 volts per meter are read directly, without 
recourse to charts, curves, factors, or computations. The instru¬ 
ment is easy to operate and weighs only 12} pounds; measure¬ 
ments arc quickly and accurately made.— Clarke Instrument 
Corporation, PiC? King SUvtr Springs Maryland. 

Manufacturers’ Literature 

Tracerlog—12-page house organ, No, 19, describes three 
new types of Geiger tubes and has an article on x-ray counters 
for K-capture isotopes.— Tracerlab, Inc., 55 Oliver Streeit 
Boston JOt Massachusetts. 

High Vacuum —Revised 48-page Bulletin lOA contains 
technical information and descriptive data on high vacuum 
pumps and accessory apparatus.— Department Y, Central 
Scientific Company, 1700 Irving Park Road, Chicago 13, 
Illinois. 

Cathode Press —Summer issue, 1949, features articles on 
high voltage rectifier tubes, new vacuum tubes for very high 
frequencies, ruggedization of power tubes, and other items of 
interest.— Machlett Laboratories, Inc., Springdale, Con¬ 
necticut 

Announcer —16 pages, Number 49 6 35, features a historical 
story on the development and manufacture of paper for filter¬ 
ing. Included also are descriptions of various items of labora¬ 
tory equipment,—B urrell Technical Supply Company, 
1942 Fifth Avenue, Pittsburgh 19, Pennsylvania. 

Cenco News Chats —Number 64, 25 pages, presents an 
article on the organization of the American Association of 
Cereal Chemists, a biographical sketch on Thomas Burr 
Osbourne, and various items on chemistry laboratory equip¬ 
ment.— Central Scientific Company, 1700 Irving Park 
Road, Chicago 13, Illinois. 

The Bxperimenter —8-page General Radio bulletin, Vol. 
XXIV, No. 1, gives a description of equipment for distortion 
measurement in the radio broadcasting station. Block diagram 
of a typical installation and circuit diagrams are shown.— 
General Radio Company, 275 MassachuseUs Avenue, Cam¬ 
bridge 39, MassachuseUs. 

Kleetrhuil Measurements— Separate bulletins describing the 
following instruments: (1) Williamson DC Voltmeter-Am¬ 
meter, accuracy J of 1 percent, 26 ranges of d.c. current and 
voltage for reading voltage from 1 millivolt to 1000 volts, and 
current from 10 microamperes to IS amperes, full scale ranges; 
(2) Model S DC Polyrangcr, accuracy I of 1 percent, 13 ranges 
of d.c. current and voltage for reading voltage from S.railH- 
volts to 1000 volts, and current from 100 microamperes to 
1 ampere, full scale ranges.— Sensitive Research Instru- 
MSNt CORFORATIOK, 9^11 Elm Avonue, Mount Vernon, New 

Farit. 


The Laboratory —Vol. 18, No. 5, 32 pages, features an 
article on latest progress in the development of cold rubber, 
in addition to other articles of general scientific interest and 
descriptions of laboratory equipment and chemicals.— Fisher 
Scientific Company, 717 Forbes Street, Pittsburgh 19, Penn¬ 
sylvania. 

Phase Contrast —Catalog D-104, 16 pages, contains an 
explanation of Phase Contrast Microscopy, an article on 
proven uses of this new technique, and catalog data on phase 
contrast accessories.— Bausch and Lomb Optical Company, 
Rochester 2, New York. 

Photomicrography —4-page descriptive Circular No. 810 and 
22-page Technical Information Bulletin No. 812 describe and 
illustrate exposure photometers for photomicrography and 
metallography.— Photo volt Corporation, 95 Madison Ave¬ 
nue, New York 16, New York. 

Relays —New “Quick Guide” catalog lists most widely used 
relays, dassified according to function. Data arranged to 
select relays of suitable electrical and mechanical character¬ 
istics.— Struthers-Dunn, Inc., 150 North Thirteenth Streei, 
Philadelphia, Pennsylvania. 

Precision Potentiometers —Bulletin 105 describes Models F 
and G single-turn continuous-rotation potentiometer for 
which the manufacturer claims accuracy of ±0.5 percent 
(or 0.05 percent by selection), long life, and low noise. Bulletin 
106 illustrates and describes the laboratory model Helipot, 
with a linearity accuracy of ±0,1 percent, in resistance ranges 
from 10 ohms to 100,000 ohms.— Helipot Corporation, 
South Pasadena, Ca/t/£>fma. 

Tank Gauges —8-page bulletin describes the “Varec” Elec¬ 
tronic Gauger for remote reading liquid level. The system 
utilizes precision potentiometers whose variations are con¬ 
verted into direct readings in feet, inches, and eighths of an 
inch at the remote position.— The Vapor Recovery Sys¬ 
tems Company, P.O. Box 231, Compton, California. 

Chronographs —Bulletin 171--49, 16 pages, describes and 
illustrates tape chronographs, drum chronographs, electrically- 
driven tuning forks, regulator clocks, and accessories.— 
Gaertner Scientific Corporation, 1201 Wrigktwood Ave¬ 
nue, Chicago 14, Illinois. 

Timing Motors —Bulletin, 8 pages, gives technical data, 
selection guide chart, and specifications for Telechron Syn¬ 
chronous Motors and Instrument Movements.— Telechron, 
Inc., Ashland, Massachusetts. 

Instrumentation —Vol. 4, Number 1, 32 pages, contains 
articles of interest in measurement and control of industrial 
processes. Articles on precision heat treating, automatic 
control in coal hydrogenation, temperature as a factor in 
developing photosensitive glass, and basic concepts of thermo¬ 
electric pyrometry are included.— Minneapolis-Honeywell 
Regulator Company, Brown Instruments Division, Phila¬ 
delphia 44, Pennsylvania. 


New Materials 


Pormt K. Hsrrii; AMocUte EUUtor 
in Charge of thU Section 

National Bureau of Standards, Washington, D. C. 

Conductive Coatings DuPont Conductive Coatings, 

containing a specially prepared 
silver powder, produce a surface of low electrical resistance when 
applied to a variety of non-conducting materials such as glass, 
porcelain, steatite, wood, plastics, cloth, paper, etc. Aging or ttt- 
posure to sulfides has only a slight effect on the conductivity of 
the coating. When applied to metals, the coatings inhil^t rust and 
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maintain the inherent surface conductance. It is possible with 
these coatings to add firmly bonded metallic flayers to glass, 
porcelain, mica or steatite products which are used in the insulat- 
ing parts of resistors, capacitors, transformers and other devices. 
The coating can also serve as a base for electroplating, a thin 
layer of copper being first plated on the coating, after which other 
metals can be plated on the copper by standard methods. Two 
general types of materials are available. Type F is specifically de¬ 
signed for bonding metals to ceramic bases. It contains, in addition 
to the silver powder, a finely divided, low melting glass in a 
liquid vehicle and is fired in an oxidizing atmosphere. The square 
resistance of this type of coating may be less than 0.01 ohm. 
Type A coatings are used chiefly for electrical shields. The coating 
may be air-dried or baked at a moderate temperature. The 
square resistance is ^^proximately 2 ohms. 

A number of formulations are available with different character¬ 
istics designed to meet certain requirements, such as the base 
material to be coated, the electrical resistance desired, adherence, 
and film toughness. The various materials, together with their 
characteristics, recommended thinners and methods of application 
are given in detail in DuPont's Ceramic Products Bulletin 
CP2-1248. This bulletin also describes a recommended copper- 
plating bath and procedure. E, I. DuPont de Nemouks and 
Company, WUmingion 9S, Delaware. 

Silicone-Coated Welwyn **High Stability" car- 

Carbon Resistors resistors are a British product 

which are now available in this 
country. They are made by depositing a homogeneous carbon film 
on a porcelain tube. After aging, turned brass caps with staked 
and soldered terminal leads are applied and the resistor is brought 
to the required value by spiral-cutting the film in automatic 
machinery. Finally they are coated with silicone lacquer to 
provide mechanical and moisture protection. The lacquer coating 
is capable of operation at temperatures up to 150®C, permitting 
the resistor to dissipate rated power at ambient temperatures up 
to 100®C. These resistors are available in 1, 2, and 5 percent 
tolerances in capacities of }, 1, and 2 watts. In the 1 percent 
class they are available in resistances from 100 ohms to 50 meg¬ 
ohms. A wider range of resistance is available in the S percent 
class. Welwyn Electronic Components, Inc., Z34 East 46 
Street, New York 17, New York. 


tained conditions of purity. They can be readily formed by means 
of heat and pressure, are easily creased, beaded, cemented and 
dielectrically heat-sealed. They are markedly superior to cellulose 
for electrical insulation because of (1) greater resistance to 
moisture, (2) greater resistance to oxidation, and (3) higher 
dielectric strength. Manufacturer's booklets are available giving 
their mechanical and electrical properties together with other 
information to aid in the selection of the most suitable material 
for particular applications. Cellulose Products Sales Division, 
Eastman Kodak Company, Rochester 4, New York. 

Graphite-Filled Nylalron G is a new form of 

Nvlon Nylon containing graphite as a 

^ filler. The manufacturer states that 

it is less costly than the unfilled Nylon and that it has improved 
wearing and friction-free qualities. Applications include dry 
bearings, cams and followers, gears, washers, oil-seal rings and 
packings. It is available in cylinders ranging from 2- to 7-inches 
O.D. with wall thickness subject to specification, strip material In 
widths up to 2 inches and thicknesses from 0.01 to 0.09 inch, and 
in rods from 0.1- to 2i-inches diameter. Polymer Corporation, 
405 WalntU Street, Reading, Pennsylvania. 

* 

Glycol S3mthesis The synthesis of two new glycols 

—2-methoxymethyl and 2-ethoxy- 
methyi 2,4-dimethyl-pentanediol-1,5 has been announced. These 
substituted pentanediols combine the chemical characteristics of 
glycols and glycol-ethers. The hydroxyl groups in the 1,5 positions 
make them of special interest for the manufacture of maleic and 
other alkyd resins, plasticizers and elastomers. The ether groups 
confer solubility characteristics which make them useful as 
coupling agents and as solvents for protective coatings, hydraulic 
fluids, duplicating fluids, metal cleaners, dyes and adhesives. 
Their water solubility and low volatility suggest their use as 
softeners and plasticizers in water-soluble resins. The 2-methoxy¬ 
methyl compound may be used at 15-25 percent concentration as 
a plasticizer in the milling, moulding, and casting of Nylon resins. 
The finished articles are stated to possess better flexibility, 
increased toughness and higher impact resistance, especially at 
low temperatures. Carbide and Carbon Chemicals Corpora¬ 
tion, 30 East 42 Street, New York 17, New York. 


Corrosion-ResiBtant 
Immersion Heaters 


Carpenter stainless steel Nura- 
l>er 20, an alloy having corrosion- 
resistant properties not found in 
many types of stainless steel, is used as the ^eathing material on 
a new type of immersion heater designed specifically for use in 
the presence of highly corrosive adds, for example—sulfuric acid 
in all concentrations at temperatures up to 176®F; or up to 25 
percent concentration at the boiling temperature. The heaters 
are made for operation on 115 to 550 volts, and in ratings from 
200 watts to 5 kilowatts. They can be supplied in straight lengths 
up to 176 inches and can be bent to a minimum radius of 1| inches, 
allowing the units to be shaped to fit user’s a|>edficatJons. Lug- 
type terminals are standard but other types can he furnished on 
order. Electro-therm Inc., S024 Georgia Avenue, SUver Spring, 
Maryland. 


Cellulose Ester Kodapak Skeel is a thermo- 

Thermoplastics cellulose ester with impor- 

^ tant electrical applications. It is 

made in two types: Kodapak I, cellulose acetate; and Kodapak II, 
cellulose acetate butyrate. Kodapak I has greater rigidity and 
higher heat resistance, while Ki^apak II has better moisture 
resistance, higher stretch, and greater toughness. These sheetings 
are manufactured by casting from solvents under rigidly main¬ 


Crystallino Antibiotic Dihydro-streptomydn sulfate is 

now commercially available in 
crystalline form, permitting the establishment of new standards 
of potency and purity. These include a minimum assay value of 
725 meg/mg (against the present 600) and less than 1 percent 
unreduced strq>tomydn sulfate (against the present maximum 
of 3 percent). This product, previously available only in a non¬ 
crystalline form, is available in adequate supply at no increase in 
cost. Heyden Chemical Corporation, 393 Seventh Avenue, 
New York 1, New York. 

Lined Steel Hpe Production of large-size steel 

pipe lined with ^orun Rubber 187 
is announced by the Michigan Pipe Company of Bay City, 
Michigan. This development complements the line of small-size, 
saran-lined pipes made by the Dow Chemical Company. The 
lining material is especially resistant to abrasion and is inert in 
contact with petroleum products, chlorinated hydrocarbons, 
bleaching agents, adds and most chemicals. The standard lining 
is Hnch thick and its general operating range Is from — 5*F to 
167®F, depending somewhat on service conditions. Standard 
lined pipe and fittings are available in all standard sizes from 
8 inches to 36 inches, and the company will fabricate pipes with 
thinner steel walls or with thicker lining than standard on spedaJ 
order. The Doiv Chemical Company, MMkmd, Michigan, 
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Operation of Voltage-Stabilizing Elements with Current-Stabilized Supplies 

J, J. Gilvarry* and D. F. Rutland** 

North American Aviation, Inc., Anf^des, California 
(Received May 9, 1949) 

The performance parameters of a voltage stabilizer consisting of a voltage-stabilizing element (such us a 
VR tube) connected across the output of a current-stabilized power supply are determined and a particular 
parameter (the range-regulation factor Q) suggested as a figure of merit. The advantages of a current- 
stabilized over an ordinary supply from the standpoints of voltage stabilization and suitability for variable 
load are emphasized. Stability criteria for the case when the stabilizing element has a negative-resistance 
characteristic and a graphical analysis for the case of non-linear elements arc given. Application to the special 
case of VR tubes is made w'ith experimental results. 


A VOLTAGE-STABILIZING element is a two- 
terminal circuit element whose voltage-current 
characteristic can be approximated by a constant direct- 
voltage generator in series with a small resistance. 
Common examples are the FJ? tubes or the voltage- 
reference tubes^ widely used as standard reference 
voltages in degenerative stabilizers. Other examples are 
so-called regulating condensers,“ ceramic materials of 
the thyrite type,* and gas diodes and thyratrons oper¬ 
ated in the conducting state. An ordinary electric cell 
can be considered an element of this type (in fact, 
storage batteries are frequently connected across the 
output of motor-generator sets as stabilizing elements). 

This paper discusses voltage-stabilizers consisting of 
such an element connected across the output of a cur¬ 
rent-stabilized power supply. The current-stabilized 
supply, for example, may be of the electronic type 
taking advantage of the form of a pentode characteristic 
or employing inverse current-feedback.^ 

1. PERFORMANCE PARAMETERS 

The characteristic of the stabilizing element is a non¬ 
linear relation between the current I and potential £, 

* Now at The Rand Corporation, Inc., Santa Monica, California. 

** Now at Inetitute for Numerical Analysis of the National 
Bureau of Standards, Univerrity of California at Los Angeles, Los 
Angeles, California. 

»T. Jurriaaase, Philips Tech. Rev. 8, 272 (1946). 

^ P. MciL Decley, EhclrotyHc Capacitors (Cornell-Dubilier 
Electric Corporation! Plainfield, New Jersey, 1938), p. 168. 

» O. P. HamweU, of moOricUy and FJoctromagneUsm 

(McGraw-mU Boti Conm^, Inc., New York, 1938), p. 141. 

< I N. Van Scoyoc mdTE Schulz, Proc. I.R.E. 32,415 (1944). 


such that over a range /nun to /n,ux (the limits of the 
operating range of current) the corresponding change in 
{iwtential, 

( 1 ) 

is relatively small. The quantity 3 will be referred to as 
the regulation of the element. For any operating point 
(/o, Eq) in the limits of the operating range, the true 
characteristic will be replaced by the linear equation 

E^e+rl, ■ (2) 

where r is the dynamic resistance {dE/dI)o at the oper¬ 
ating point and e is the (hypothetical) zero-current 
potential obtained by extrapolation to the voltage axis 
of the tangent to the characteristic at the operating 
jK)int. 

The equivalent circuit of a voltage-stabilizer con¬ 
sisting of such an element associated with a current- 
stabilized supply and providing an output current i at 
a potential JE to a load Rt is shown in Fig, 1 (the 
generator in the load circuit is introduced for mathe¬ 
matical convenience). The equivalent circuit of the 
current-stabilized supply has been taken as a constant 
current generator Is in parallel with an ordinary supply 
(to which Th6venin^s theorem applies) of open-circuit 
voltage Es and dynamic internal resistance rs whose 
equivalent circuit is in current-generator form. The 
special case of an ordinary supply therefore corresponds 
to Is^O. The parameter Eg will be referred to as the 
equivalent supply voltage. 

The performance parameters of the stabilizer will be 
taken as the over-all stabilization ratio S and over-all 


623 





6S4 


J. J. GILVARRY AND D. F, RUTLAND 



Fio. 1. Equivaienl circuit of voltage-stabilizer. 


internal resistance R defined by 


1 


S 


BE \ 
dtls/ El 


1 

R+Rl 



(3) 


and the parameter Q defined by 

t/Q^{dI/dEs)BL (4) 

and referred to as the range-regulation factor. From the 
results of Hunt and Hickman,^ the over-all stabilization 
ratio S and over-all internal resistance R for any 
stabilizer associated with a power supply are given by 


S^So{l-^krs)'\^rs/RLf 
rs 1-jrEo/Rr. 

R-^Ro+ -, 

So l+krg 


(5a) 

(5b) 


where So and are the stabilization ratio and interna! 
resistance of the stabilizer itself (exclusive of power 
supply) defined analogously to S and R in (3) by re¬ 
placing Es with the input terminal voltage £,■ of the 
stabilizer, and the parameter k is the equivalent bleeder 
conductance of the stabilizer defined by I—kEi, Evalua¬ 
tion of the parameters 5o, -Ro, and k for the stabilizing 
element considered as a four-terminal network yields 

‘ 5o=l, i?o-0, k^\/r, (6) 

from which one has 


R^r/{l+r/rs). (7b) 

Under the approximation that the absolute value of r is 
small compared to the parallel combination of and 
Rl. or 

l/\r\»l/fs+l/Ri. ' (8) 

which is usually valid in practice, one has 

R'-^r. (9) 

Equation (7b) implies that for r small, a low over-all 
internal resistance R can be obtained under the condi¬ 
tion that fs/r be large, which is necessary for high 
stabilization. This behavior differs from that of the usual 
stabilizer where k is small but So is large, in which 
case it follows from Eq. (5b) that the contribution 

* F. V. Hunt and R. W. Hickman, Rev, Sci. Inst. 10, 6 (1930). 


fs(l+ifo/i?L)/5o of the power supply to the over-all 
internal resistance can be kept small only by keeping the 
ratio rs/So small.^ In contrast to the usual stabilizer 
which functions because So is .large, it is clear from Eq. 
(Sa) that a voltage stabilizer based on a stabilizing de¬ 
ment functions because its equivalent bleeder con¬ 
ductance k^l/r is large compared to 1/rs (since So is 
unity, a stabilizing element associated with a power 
supply of zero internal resistance is not a voltage 
stabilizer). 

The range-regulation factor ^ is a measure of the 
change in current through the stabilizing element under 
variations of the equivalent supply voltage, and is im¬ 
portant because the element can stabilize only over the 
range Imin to of element current as a limit. This 
parameter is 



or under approximation (8), 

Q^fs. (11) 

The parameter Q is independent of the dynamic resist¬ 
ance r of the element under approximation (8), and 
hence its use as a figure of merit of the voltage stabilizer 
has an obvious advantage over the use of 5, particularly 
when variations of r from its nominal value occur (as in 
the case of VR tubes; see Section 5). 

Since an electronic current-stabilized supply can 
generally be designed for much larger internal resistance 
rg under the same current drain than an ordinary supply 
with the same equivalent supply voltage, its use in 
conjunction with a stabilizing element yields much 
larger values of range-regulation factor Q and stabiliza¬ 
tion ratio S for the same dynamic resistance r of the 
element than the standard practice (ordinary power 
supply with a series resistor). The disadvantage which 
must be tolerated is the additional complication of the 
current-stabilizing circuit. 

2. VARIABLE LOAD 

The basic design problem in a voltage stabilizer of the 
type under discussion is to keep the current / through 
the element within a range /i to h (with 
^/msx) over which the corresponding change Ej—Ei in 
potential across the element is suflScientiy small to yield 
the desired stabilization. The limits /i to 7a correspond¬ 
ing to fixed allowable limits on E can be determined 
directly from the characteristic of the element or from 
the incremental equation A/=*(AJE)/f if the dynamic 
resistance r of the clement is sufficiently constant in the 
neighborhood of the operating point. The range h to /a 
will be taken as fixed, and will be referred to as the 
operating range. Under constant load, the permissible 
total variation of equivalent supply voltage Eg is 
for f approximately constwt, or ra(7»-^7i) 
under inequality (8). In many practical applkatlona, the 
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output voltage need be stabilized only over limits 
separated by 8, in which case the permissible variation 
of £s is rs(/ mux 

In the case of variable load, the element current I is 

I^ls-i+(Es-e)/rs, ( 12 ) 

under inequality (8) for |r| small. Hence, the double 
inequality 

(13) 

determines two lines, /“/i and /*/a, in the plane of 
the variables i and £s such that the point of operation 
(if Es) lies in the area between these two lines. Such a 
line I^h (Fig. 2), of slope rs and intercept 
on the t-axis of the t, Es plane, will be referred to as a 
range-regulation characteristic. In the range-regulation 
diagram of Fig. 2 for the operating range h to /a, the 
output voltage E is stabilize within the limits Ei to E^ 
for any point of operation between the range-regulation 
characteristics (solid lines) for /«»7i and /—/a, and 
hence the limits of variation of load current i and 
equivalent supply voltage Es which maintain the re¬ 
quired stabilization can be determined directly from the 
diagram. 

If Is^Of corresponding to the case of an ordinary 
power supply of internal resistance rs', the positive 
intercept e+rs7i of the range-regulation characteristic 
/“/i on the E^-axis is more convenient in application. 
Range-regulation characteristics in this case are shown 
(dashed lines) in Fig. 2 for the operating range h to / 2 . 
Subject to the restriction /i^/^/s, a maximum load 
current imax' exists for such a stabilizer, which is defined 
by 

imxx'^ (Es'—c)/rs'-’/i, (14) 

as a linear function of the equivalent supply voltage Es- 
Hence, a maximum load current cannot be associated 
with the voltage-stabilizer unless the corresponding 
supply voltage is also specified. In the case of a current- 
stabilized supply, however, the maximum load current 
immx is 

immx”^Iis—Ii+(Es—e)/rs^/s-Ii, (15) 


3. STABILITY RBQUIRBMBNTS 

In practice, the dynamic resistance r of the element 
may be negative over a restricted range of operating 
current. The elements which are of practical use in 
voltage stabilization ordinarily have a negative-resist¬ 
ance characteristic (if at all) of the current-controlled 
t 3 rpe,* in which the region of negative resistance is 
bounded by points of zero resistance, as in the charac¬ 
teristic CC of Fig. 4. At the points of zero resistance, the 
stabilization ratio S becomes infinite and changes sign. 


Fig. 2. Range-regulation 
diagram (£s.o ia the oper¬ 
ating value of JBfi). 



The condition® for stability on a current-controlled 
element is that the over-all resistance be positive when 
the element is considered in series with the associated 
circuit, or, for the equivalent circuit of Fig. 1, that 

rsEL/(rs+Ei)+r>0, (16) 

Hence, if inequality (8) on \r\ holds, the stability 
criterion of (16) is always fulfilled (for rs and Rl 
positive). Difficulty due to instability can arise, there¬ 
fore, only when \r\ rises sufficiently on the negative- 
resistance branch of the characteristic to be of the same 
order of magnitude as rs or Rl- 
The stability criterion of (16) can be written equiva¬ 
lently as Q>0 or 5<0 (for rs and Ri positive). Hence, 
for r negative, the range-regulation factor Q is positive 
or negative and the stabilization ratio S negative or 
positive according as the point of operation is stable or 
unstable. The over-all internal resistance R defined by 
Eq. (7b) is always negative for stable operation of the 
element with r negative. 


which is approximately independent of Es for rs 
sufficiently large. Thus, a maximum load current, as 
such, can be associated with the voltage stabilizer, and 
this feature is a salient advantage of the use of a current- 
stabilized supply in applications involving variable load. 

One can ^ow (by noting that I constant implies E 
constant) that the slope of a range-regulation charac¬ 
teristic /-«/i in the i, Es plane is strictly rs, independ¬ 
ent of approximation (8). Under approximation (8), 
however, this slope is approximately Q and can be 
determined experimentally as the reciprocal slope of the 
curve of element current I against the equivalent supply 
voltage Es, for any fixed load satisfying (8), and a line 
of constant load resistance Ri is approximately an 
ordinate in the t, Es plane. 


4. GRAPHICAL ANALYSIS 

A graphical analysis can be given which is useful in 
bringing out some points of physical interpretation. If 
the parallel resistances rs and Rl are combined into a 
single resistance rwhere 

l/r.^l/rs+l/Rz, (17) 

then the equivalent circuit of the stabilizer becomes that 
of Fig. 3 when the stabilizing element N is non-linear. In 
Fig. 4, let Es,o be the point on the E-axis of the ele¬ 
ment's characteristic CC which corresponds to the 
operating value of Es- Then a line of slope — rs through 
this point yields an intercept A on the /-axis corre- 

•E. W. Herold, Proc. LR.E. 23, 1201 (1935). 
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Fig. 3. Yoltage-sUbilizer 
with non-linear element iV. 



Fig. 4. Graphical con¬ 
struction for non-linear 
element. 


sponding to the current jEs.o/r^, and the current 
/s+£s.o/r.s corresponds to an abscissa B which is Is 
units greater. Lines through B of slope — and are 
then the supply lines at no load and under load re¬ 
spectively. The intersections of these lines with the 
characteristic of the element yield the operating points 
O' and 0 corresponding, respectively, to no load and a 
load and hence yield £ as a function of Es when 
Eh.q is varied. The corresponding construction for the 
case of an ordinary supply is shown (heavy 

dashed lines) in Fig. 4 for supply lines of slope — r 5 ' and 
—f / at no load and under load, respectively. 

If the characteristic has a region of negative resist¬ 
ance, two intersections (such as 0 and 0" in Fig. 4) of a 
supply line with the characteristic may exist. The 
stability criterion of (16) can be rewritten re> 1 f |, which 
requires that the absolute value of the slope of the 
supply line exceed the absolute value of the slope of the 
characteristic. Hence, of the points 0 and 0" in Fig. 4, 
the point 0 which meets this condition is stable while O" 
is unstable. 

The inequality ( 8 ) can be interpreted as stating that 
the slope r of the characteristic is insignificant compared 
to the slope of the supply line under load, or | r | «re. In 
this case, the characteristic can be replaced by a hori¬ 
zontal straight line {CC in Fig. 4) through 0, as far as 
determining the element current I corresponding to the 
supply voltage Eg is concerned. With this assumption, 
one has directly from the diagram that 


Es—Es.o^^ail'-Io) ( 18 ) 

at constant load. Hence, when inequality ( 8 ) holds and 
fa is constant, the stabilization characteristic (output 
voltage Evs. equivalent supply voltage Es for fixed 
load) consists of a segment of the characteristic of the 
element multiplied by the scale factor r 3 (^^) on the 
axis of abscissae. 


5. VR AND VOLTAGE-R£F£RBNC£ TUBES 

The application of the preceding theory to VR tubes 
and the voltage-reference tubes (RCA 5651 and North 
American Philips 85A1) requires some comment. The 
experimental evidence'^ indicates that for most VR tubes 
the characteristic is U-shaped over the limits of the 
operating range, with a region of negative resistance 
usually in the low current region. The characteristic 
over a particular VR tube type does not have the degree 
of definiteness of, say, a triode characteristic over a tube 
type. The point of zero slope and the regulation 3, for 
example, vary over somewhat wide limits from tube to 
tube. Hence, if the design is for operation under 
unselected tube replacement, one is more or less forced 
to forego designing for a desired stabilization, and to 
design merely for a desired range of VR tube current. In 
addition, the VR tube characteristic shows variation for 
a particular tube in the form of hysteresis effects and 
abrupt voltage Changes of various types (both of which 
are less, to some extent, at high current levels) and 
sizable drifts due to various causes. Variation of the 
characteristic over the tube type and in the individual 
tube is reduced^ in the voltage-reference tubes. 

When extreme stabilization (at constant load) is re¬ 
quired, it is usually not possible to maintain a con¬ 
sistently high stabilization ratio with an ordinary supply 
by selecting an operating point close to the point of zero 
slope, because of the variation of the characteristic. The 
use of a current-stabilized supply, however, with its 
considerably larger internal resistance, makes it possible 
to achieve a consistently high stabilization ratio for any 
position of the point of zero slope in the limits of the 
operating range. For design purposes in this connection, 
only a rough approximation to the maximum slope of 
the characteristic over the limits of the operating range 
is needed, and is provided by the nominal resistance 
rn=*= 6 n/(/mftx^Imin)> whetc 3n U the nominal regulation 
associated with the tube type by the manufacturer. 

The preceding theory has assumed that no reactive 
element exists in the equivalent circuit of the stabilizing 
element and that the dynamic resistance is a constant 
equal to its zero-frequency value r. Experimental tests^ 
of VR tubes show that, due to ion-inertia effects, a 
reactive element exists whose magnitude becomes com¬ 
parable to r in the neighborhood of 100 cycles, at which 
frequency the dynamic resistance has risen significantly 


Table I, 


. 

Kaoge- 

regulation 

factor 

0 (oKme) 

Subtiixation 
ratio 5 

Ratio 

Mttmartd 
ds^namte 
reiiitsnce 
r (obmtt) 

Ordinary power 
supply 

Current-atabUiaed 

supply 

5000 

45 

110 

110 

86,000 

890 

97 

liO 



’ a M. Kirkpatildc, Froc. l.R.E. 3S, 48S (1^7). 
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Fig. 5. Stabilisation 
characteristics (solid) 
and tube-current curves 
(dashed) for VR 105. 




compared to its zero-frequency value. Hence, Eq. (7b) 
for the internal resistance (approximately r) of the 
voltage stabilizer is valid when the stabilizing element is 
a VR tube only for frequencies considerably below 100 
cycles, and if a FJ?-tube stabilizer must provide a return 
path of low impedance for frequencies in the neighbor¬ 
hood of this value or higher, suitable by-pass capacitors 
must be used. Detailed information on the reactance 
and frequency variation of internal resistance for the 
voltage-reference tubes is not available. The^^considera- 
tions above do not afifect the validity of the expressions 
for the range-regulation factor and stabilization ratio as 
applied to Fi^-tube stabilizers, because the rate of 
change of input voltage is sufficiently small in general so 
that the dynamic resistance r for zero frequency repre¬ 
sents the impedance of the VR tube. 

It should be fx)inted out that trouble with oscillation 
is sometimes experienced in indiscriminate by-passing of 
VR tubes. In this connection, the stability criterion of 
(16) is only a static criterion. 

6. EXPERIMENTAL RESULTS 

As a check on the general validity of the theory 
presented, tests were made on VR 105 tubes associated 
with an ordinary supply and a current-stabilized supply 
employing a pentode regulator.® Curves of tube current 
in the VR 105 (dashed curves) at no stabilizer load and 

• Essentially, the current-stabilized supply was that of Fig. 3 in 
reference 4, using a 6AG7 pentode with its screen-grid voltage 
stabilized by an auxiliary degenerative stabilizer foe the data of 
Fig. 5 and by a FR 150 for the data of Fig. 6. 


corresponding stabilization of the output voltage (solid 
curves) with respect to an arbitrary reference voltage 
are shown in Fig. 5 for the cases of both supplies. The 
reciprocal slopes, of the curves of VR tube current 
and reciprocal slopes S of the stabilization curves are 
tabulated® in Table I for the common operating point 0 
in the case of both supplies. As a check, the ratio Q/S is 
tabulated for comparison with the measured dynamic 
resistance r at 0, since these are identical from Eqs. (7a) 
and (10). The ordinary supply was closely linear, and it 
is clear from Fig. 5 that its stabilization curve corre¬ 
sponds to the VR 4ibe characteristic multiplied by the 
corresponding Q of Table I as a scale factor on the 
abscissae. In Fig. 6, theoretical range-regulation charac¬ 
teristics determined from average measured values of 
parameters are compared with the corresponding ex¬ 
perimental points for supplies of the two types in 
association with a VR 105 tube. 

The high stabilization ratio (890 from Table I) 
obtainable with current-stabilized operation of VR tubes 
even at relatively large values of dynamic resistance r 
indicates the advantage in many cases of such operation 
of the associated VR or voltage-reference tube in the 
design of highly stable degenerative stabilizers. In con¬ 
clusion, the authors wish to express their thanks to 
Doctors W. E. Frye and R. S. Wehner of The Rand 
Corporation for helpful discussions. 

• The tube used for the data of Fig. 5 and Table I was a selected 
tube whose characteristic was monitored and showed only slight 
variation (negligible in the neighborhood of 0) during the meas¬ 
urements. 
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The relations existing between source dimensions, beam divergence, luminosity, and resolving power of 
a 180^ homogeneous held spectrometer are established. From these the conditions for maximum luminosity 
for a given resolving power are derived. By increasing the source height and slightly decreasing the width, 
the luminosity may be increased without affecting the resolving power. 


I. INTRODUCTION 

I N the design of j8-ray spectrometers, it is always 
desirable to achieve the greatest possible luminosity 
for a given resolving power. Studies thus far published 
have mainly considered the homogeneous field 180® 
spectrometer in which the source height made only a 
negligible contribution to the aberration, i.e., the tra¬ 
jectories are all considered as lying in the same plane. 
If we also consider a beam diverging out of this plane, 
we find that these divergent trajectories add to the 
aberration and also increase the luminosity. Considera¬ 
tion of these trajectories shows that there exists an 
optimum choice of parameters such as source dimen¬ 
sions and slit widths which will provide for maximum 
luminosity for a given resolving power. It is the purpose 
of this paper to establish these optimum conditions. 

IL IMAGE OF A FINITE SOURCE 

Consider a source of finite dimensions located in a 
homogeneous magnetic field as shown in Fig, 1. 
The origin 0 is at the center of the source, which lies in 
the plane XOZ, where the OZ axis is parallel to H, 
An electron leaving the source from a point Fixo^ O, zo) 
will cross the plane XOZ at a point y,«) whose 
coordinates are given by the well-known equations: 

X = X(i+ 2r cosa co0, 
z^Zo+r(T+2a) sin^, 

where r is the radius of curvature of the electron 
trajectory in the magnetic field, equal to p/ff where p 
is the momentum of the electron, a is the angle between 
the initial direction of p and the plane FOZ, measured 
positively counter-clockwise from the plane, and is 



Fio, 1. Electron tra¬ 
jectory in an homoge¬ 
nous mgnetic field, with 
coordinate origin at the 
center of the source. 


the angle between the initial direction of p and the 
plane YOX, measured piositively counter-clockwise from 
the plane. 

If the source has height h and width and the 
angles a and are limited to ±ao and diiSo by baffles, 
then all electrons of the same momentum will cross the 
ZOX plane in an area whose dimensions are: 

width: —cosao cos ^lo), 

height: 2ao) sin/?o. 

This area may be considered as an image of the 
source, which would be equal to it in area but for 
aberrations which are functions of ao and fio. The 
right edge of this image is located a distance 2r (i.e,, 
2p/H) from the right edge of the source. Electrons of 
a different momentum will form a similar image, dis¬ 
placed from the first one. If the images are kept narrow, 
by limiting cro, fio and the images due to various 
momenta will be separated, and the resolved beams 
may be passed one at a time through an exit slit fo a 
measuring apparatus. 

The angle fi can be limited to any desired value fio by 
making the height h and that of the exit slit each equal 
to vrfio. The angle ao may be determined (to a first 
approximation) by placing a diaphragm of height h and 
width D^2roto perpendicular to the central trajectory 
near its middle point. Any electrons leaving the source 
with angles a and fi greater than z^ao and difio will 
thus be prevented from reaching the detector and the 
total solid angle (w) of those which do reach the detector 
is given by 2otijfio, 

We therefore see that the width 0' of the image on 
the plane XOZ is completely determined once we have 
chosen Q, h, and the width (D) of the diaphragm. 
However this width is not the effective width, 
because the presence of an exit slit may apparently 
enlarge the image. If the slit of width F and the detector 
behind it are displaced behind the image of a beam of 
monoenergetic rays, the image will seem to have a 
width given by It is this effective width 

that must be used in calculating the resolving 
power of the spectrometer. 

in. LIMIT OF RESOLUTION AND 
RESOLVING POWER 

The limit of resolution of a spectrometer is defined 
here by the ratio Ap/p where Ap is the difference 
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Fig. 2. Monoenergetic electron intensity distribution alon^ the 
image width, under optimum conditions, for a movable slit of 
height h and width dt. Coordinate I represents the position of 
the slit, measured in Q (source width) units positively from the 
right edge of the image toward the source. 


for luminosity becomes: 

L-ii:-()raoj8oV2. (3) 

V, OPTIMUM CONDITIONS * 

The limit of resolution and the luminosity are thus 
seen to be functions of the same parameters, r, oto, 
and j8o. Therefore, for a given r and limit of resolution 
there must exist an optimum relation between 
cTo, /9o, and Q which will give L a maximum value. The 
relation may be found by using Lagrange's method of 
undetermined coefficients. If we define a new function 
^ equal to A^//>+XL, where X is undetermined, and 
then make all derivatives of with respect to ao, 
and i3o equal to zero, we obtain the desired relations 
making L maximum. They are: 

0 = la^f, j8o “010(2) V 


between momenta of two groups of monoenergetic 
electrons of which the spectrometer gives two images 
just completely separated and where p is the value of 
the mean momentum of these electrons. On the other 
hand, p^H r and the dispersion of a spectrometer is 
the ratio Ax/Ap where Ax is the distance along OX 
between the right edge of two images of electrons 
differing in momentum by Ap. At the limit of resolution, 
the distance Ax equals the width of the image and the 
ratio Ap/p may be expressed by 

A^//>= (width of the image)/(if’r‘dispersion). 

RemembeHng that the image width is — 

+ 2f(l--cosao cos^o) and that, at 180° from the source, 
the dispersion of a homogeneous field spectrometer is 
2/Hj we find that 

—cosao cos|3o)]/2r 

which may be closely approximated by: 

Ap/p^ {F+Q)/2r+{aQ^+fi(?)/2. ( 1 ) 

The resolving power, which is the criterion of usefulness 
of the apparatus, is defined by the inverse of the limit 
of resolution, i.e.: 

R.F.^p/Ap. 

IV. LUMINOSITY 

The luminosity of the apparatus is defined as the 
number of monoenergetic electrons coming from the 
source (of area Q-h) which being restricted to a solid 
angle w (which we have seen is equal to latfio) will 
pass through a very wide exit slit of height A, per unit 
time. It will be given by 

L^KQhu)/4T ( 2 ) 

where Q and h are defined as before, and K is' the 
number of monoenergetic electrons emitted by the 
source in all directions per unit area per unit time. 

Substituting for w amd for h (A«irfi8«), the expression 


Substituting these conditions in Eqs. (1) ' (v?), we find 
for the limit of resolution: 

Ap/p^F/2r+5ao^/2, 
and for the luminosity: 

L^2KT^ao\ 

Investigation of the energy distribution along the 
image width shows that there is also an optimum value 
for the exit slit width F. In Fig. 2 this distribution is 
shown for an exit slit of height h and very narrow width 
dFf under the optimum conditions given above; under 
these circumstances, the image width is 2.SQ, and A^/^ 
is 5aoV2. This distribution is calculated by integrating 
the number of electrons from a unit area of the source, 
which reach a unit area of the exit slit, over the height 
and width of the source and over the height of the exit 
slit; the area under the curve represents what is called 
the luminosity of the apparatus. 

If the slit width is now widened to F, the effective 
image width and the limit of resolution will be enlarged 
and the corresponding intensity distribution curve will 


Fig. 3. Monoenergetic 
electrons intensity distribu¬ 
tion along the image width, 
under optimum conditions, 
for a movable slit of height 
h and width Coordi¬ 

nate / represents the posi¬ 
tion of the left edge ot the 
slit, measured in Q units 
positively from the right 
edge of the image toward 
the source. 
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Table I* 


Type of spectrometer 

High source 

Usual type 

Usual type 

Radius 

30 cm 

30 cm 

12 cm 

Width of source “Q” and of 

exit slit 

1.2 mm 

1.4 mm 

0.56 mm 

Width of diaphragm “D” 

2.7 cm 

4.1 cm 

1.6 cm 

Height of source- diaphragm, 

6.0 cm 

2.0 cm 

0.81 cm 

and exit slit “A” 

Limit of resolution 

0.3% 

0.3% 

0.3% 

Luminosity X W/K 

32.1 

6.16 

0.986 


have a peak value /,nai, which is a function of F, Using 
integration, and Lagrange’s method, it may be sho\^n 
that when F equals (), /max has a maximum value 
0.63L for a given i^p/p (Fig. 3). 

Substituting this new condition, the limit of resolu¬ 
tion becomes: 

Lp/p^la^yi. 

This expression for the limit of resolution is defined 
for the comi)lete separation of two lines; if it is sufficient 
to distinguish two lines at only half-intensity, the limit 
of resolution may be shown to be: 

^p/p^zoc^n, 

and the resolving power is 

R.P.-2/(3ao'). 

The luminosity may now be expressed as a function 
of A", f, and the limit of resolution or the resolving 
power: 

L=0.72SAV(A/,/^)«/a^0.72SAr2(l/R.P.)6^2. 

Therefore, for a 180° homogeneous field spectrometer 
of given r and desired resolving power (R.P.)» the 
parameters giving maximum luminosity should be 
chosen in this order: 


(1) The width of the source (Q) and of the exit slit (F) should 
equal: (4/3)r/R.P. 

(2) The diaphragm width (/)) should equal: 2r(2/3R.P.)*, 

(3) The heights of the source, diaphragm, and exit slit should 

equal: 2irr/(3R*P.)*- 


In the following discussion we shall call a high source 
type spectrometer one operated under these optimum 
conditions. 

It must be remembered that for a large radius, the 
limit of resolution must be kept small, for the practical 
reason that a large value will require 4oo wide a^gap 
between the magnet pole faces. 


VI. COMPARISON WITH THE USUAL TYPE 


It is of considerable interest to compare the lumi¬ 
nosity of this “high source’’ spectrometer with the 
usual 180° spectrometer of the same radius and resolving 
power. In the usual type, the source and exit slit height 
are chosen so small as to make /3o negligible with respect 
to ao. Thus is usually made less than O.lao*' by most 
designers. To have optimum conditions in this case,^ 


»J. L. Uwwn and A. W. Tyler, Rev. Sd. Inst. 11, 6 (1940) 
K. Siegbahn. Ark. f, mat., aat. o. Fvi. SOA 20 (1944). 


the source and exit slit widths are made equal to the 
aberration width aoV. The diaphragm width is made 
equal to la^r and source, slit, and diaphragm height 
equals irrao/(10)*. We may therefore express the limit 
of resolution and the luminosity of this type, in terms 
of ao; thus: 

(93/140)an^ (at half-intensity), 
L=AVaoV20, 
or 

A=0.13yAV(A/^//-)‘'/2 

This shows that the luminosity of the high source 
type spectrometer is at least 5.2 times greater than 
that of the usual type for the same limit of resolution 
and radius r. This is due to a large increase in fio and 
h and a small decrease in ao and Q. 

In any spectrometer, luminosity could be increased 
by using larger values of r, but this would require the 
use of larger fnagnets, often the restricting factor in 
design. This difficulty has been overcome in this 
laboratory by abandoning the usual magnet form in 
favor of the double mushroom type. Our IfiOC-pound 
magnet permits a 30-cm radius, whereas the usual type 
magnet of this weight provides only about a 12-cm 
radius. The mushroom type magnet however restricts 
us to the use of a G-M counter as a detector, since large 
plates cannot be accommodated. 

The following table gives, for comparison purposes, 
at the same limit of resolution of 0.3 percent: 

(1) the luminosity, source, diaphragm, and exit slit dimensions 
of a 30-cm5 radius high source spcfctrometer (optimum conditions), 

(2) the same parameters for a 30-cm radius usual type spec¬ 
trometer, 

(3) the same parameters for a 12-cm radius usual type sf>ec- 
trometer (usual type magnet of approximately the same weight 
as that of a 30-cms radius double-mushroom magnet). 

It is to be noted that these comparisons are theo¬ 
retical In practice, designers of the usual type make 
fio even smaller than ao/( 10) I Examination of some 
published designs of usual type spectrometers shows 
that the use of high source type would increase their 
luminosity by as much as 6.5 times. 

VH, CONCLUSION 

The preceding calculations show that there exist 
optimum conditions for the operation of a 180° beta-ray 
spectrometer; through the use of these conditions, an 
appreciable gain in luminosity may be achieved. This 
increased luminosity of the Wgh source homogeneous 
field spectrometer also compares favorably with that of 
shaped field or lens type spectrometers. 
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Measurements are reported for the (lti|)en(ience on energy of photographic darkening due to electrons of 
energies between 4,4 and 45 kev. For Ilford B-2 plates, in the linear density exposure region, the results can 
be expressed by the empirical formula D/QjA « KE^, D is the photometric density, Q/A the exposure in 
electrons/mm*, E the energy in electron-volts; K and x are constants with the values (0.30=b0.03)Xl0~“ 
and 1.45±0.05, respectively. The relationship for two other emulsions tested is complicated by the pres¬ 
ence of surface coatings on the emulsions. Reproducibility of results is discussed. 

Results are given on density iSuctuations due to granularity of Ilford and x-ray emulsions. The limit of 
sensitivity, using the L. and N. recording raicrophotometer with scanning beam 1.0 by 1.3 mm, is esti¬ 
mated at 450 electrons/mm* of 40 kev energy for the x-ray emulsion and 680 electrons/mm® for the Ilford 
plates. The latter is limited by photometric sensitivity. 


INTRODUCTION 

T he present work aims to provide data on photo¬ 
graphic emulsions from which one may estimate 
the limitations imposed on quantitative beta-ray spec¬ 
troscopy using photographic detection. The energy 
region covered is from 4.4 to 45 kev. Items to be con¬ 
sidered are the darkening of the emulsion as a function 
of exposure and energy, reproducibility of results, and 
the threshold of detection. Photographic density as 
measured on a Leeds and Northrop recording micro- 
photometer is taken as the measure of darkening. 
It is assumed always that the quantity of interest is 
the difference between the densities of adjacent ex¬ 
posed and unexposed areas. 

Data are available in the literature^ illustrating the 
dependence of density on energy and exposure for 
various emulsions; but for no one photographic material 
are all the points of interest covered. Further, the emul¬ 
sions for which partial data are available are not ones 
which seem most suitable for beta-ray spectroscopy. 

It is well known^ that at sufficiently low densities the 
plot of a density-exposure curve for electrons is a 
straight line passing through the origin. Previous work^ 
indicates that this linear relationship extends to densi¬ 
ties well within the range to be encountered in most 
beta-ray spectroscopy work. We have re-examined the 
extent of the linear region for the electron energies 
involved in our work, and have thereafter limited ex¬ 
posures to this region. The major portion of our work 
is concerned with obtainmg data on the energy de¬ 
pendence of the sensitivity of several emulsions. Sensi¬ 
tivity is defined here as the slope of a density-exposure 
curve in the linear region under standard developing 
conditions. Data were obtained with an electron gun 
furnishing monoenergetic electrons. 

An important handicap of photographic detection 
for beta-rays is the high threshold of detection. The 
precision of measurement depends on the ratio of the 
density produced by a given exposure (the signal) t’o the 


‘ W. Lwigendijk and L. S. Ornstein, Physica 7, 475 (1940). 

»A. Bedcer and E. Kipphan, Ann. d. Physik. 10,15 (1931). 


11 uctnations in density (noi.se) from all causes in the ex¬ 
posed and unexposed regions under comparison. Few 
data are available on the latter subject. Albersheim^ 
obtained a theoretical result for the root-mean-square 
fluctuation in density (AD), which for small densities 
reduces to 

where D is the average specular density, A the pro¬ 
jected grain area, and >4' the area of the scanning beam 
of the microphotometer. The factor K is 0.7 for surface 
deposits and 1.0 for volume distributions of grains. The 
analysis assumed uniform grain size and neglected 
effects of diffraction of light around the grains. We have 
experimentally examined the question of threshold of 
detection and give data for the same emulsions whose 
sensitivities have been measured. 

The most important criteria for choice of type of 
emulsion for a given problem^ are the average size and 
concentration of silver-halide grains in the emulsion. 
Large size favors high sensitivity but gives large fluc- 


Apporatut for Electron Colibrotion of Photographic Plates. 

Ftradajr Cogt 



*W. J. Albersheim, J. Soc. Mot. Piet. Eag. 29, 236 (1937). 
^ Mees, The Theory of the Photographic Process (MacMillaii 
Company, Ltd. London, 1942). Klemperer, Einfurune in der 
Elekirontk (M, S, Rosenberg, New York, 1944), 
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tuations. High silver-halide concentration is also favor¬ 
able to sensitivity. Small grain size dorrelates with 
small fluctuations and wide range of linearity of density- 
exposure curve. Of the four possible combinations of 
large and small grain size and high and low silver-halide 
concentration, small-size small-concentration can be 
ruled out as unpromising. An emulsion with large grain 
size and high concentration is not available. We have 
concentrated on the other two cases as represented by 
the Ilford B-2 nuclear plate* of 50 micron thickness 
and the Eastman no-screen x-ray film, which is coated 



Fig. 2. Density-exposure curves for Ilford B~2 plate at 40 kev. 

on both sides with emulsion 20 microns thick and is 
covered with a protective gelatine coating one micron 
thick. Data published on the Ilford plates give 0.4 
microns as the average diameter of the grains and a 
concentration of silver-halide of 80 percent. Micro¬ 
scopic examination of a developed sample of x-ray 
film reveals a wide range of grain sizes of irregular shape 
running from a few microns to 25 microns, with an 
average value of about 10 microns. The concentration of 
silver-halide is not more than 20 percent. It is assumed 
in the following that the photographic reciprocity law^ 
is obeyed for electrons in the region studied. Since in 
our work the interval between exposure and develop¬ 
ment was never more than a few hours, effects due to 
fading® are assumed to be negligible. 

APPARATUS 

The essential elements of the apparatus are illus¬ 
trated in Fig. 1. High voltage is supplied by a 50 kv 
stabilized r-f supply provided with a 200 megohm 
bleeder which can be tapped at ten equidistant points 
along its length. The design of the electron gun is 
patterned on that of the RCA 50 kv electron micro¬ 
scope. Electrons are obtained from a battery-powered 
tungsten filament enclosed in a hemispherical grid 
structure. The electron beam is deflect^ 90° (by a 
battery-powered iron core magnet) to prevent filament 

* Eastman NTB could not be studied because of excessive 
peeung of the emulsion in vacuum. 

* G. Albony and H. Faraggi, Comptes Rendus 2», 68 (1949). 


light from reaching the emulsions. A series of apertures 
define a beam of circular cross section J inch in diameter 
at the plane of exposure. A Faraday cage and the holder 
for the emulsion to be tested are located on opposite 
sides of a structure mounted on an arm which can be 
rotated through a Wilson seal. 

To keep currents to be measured in a convenient 
range (10“^® to 10“^^ amperes), exposure times as small 
as a few milliseconds are required. The pulsing of the 
beam is accomplished by a beam shutter consisting of 
an additional air-core coil external to the vacuum sys¬ 
tem. This coil is normally energized, thus causing the 
beam to be deflected away from the emulsion as shown 
by the dotted line in Fig. 13. Exposure is accomplished 
by triggering an Eccles-Jordan pulser which short- 
circuits the coil for a time determined by the time- 
constant for the pulser-coil combination (approx. 3 
milliseconds) and thus gives an undeflected beam on the 
emulsion for a few milliseconds. Exposure is varied by 
triggering the pulser a desired numl^r of times. Coarse 
adjustment of beam intensity is provided by a rheostat 
controlling the filament temperature. 

Sample films and plates tested are 1X3 inches. The 
rod supporting the film holder and Faraday cage can be 
moved parallel to the long film dimension through the 
Wilson seal so that seven circular areas can be exposed 
on each sample with but slight overlap. 

Care in locating the apertures defining the electron 
beam is found to be essential in eliminating objection¬ 
able electron scattering. As evidence that difficulties 
from this source were satisfactorily overcome, it is 
noted that the density of nominally unexposed areas 
adjacent to the exposed film areas is the same as that 
of masked parts of a film sample. 

MEASUREMENTS 

The voltage furnished by the high voltage supply 
was measured by observing the current through the 
bleeder, which consisted of ten 20 megohm resistors 
connected in a manner designed to minimize corona. 
These resistors were measured at their working voltage 
by comparison with precision standards. As a check of 
the loading action of the electron gun on the bleeder, 
it was noted that the current through the 90° deflecting 
magnet (which is sensitive to the energy of the beam) 
was never dependent on the beam current. 

To measure exposure, the beam was first allowed to 
fall on the Faraday cage, the current to which was am¬ 
plified by a d.c. amplifier and observed with a sensitive 
galvanometer. The shutter coil was then energized and 
periodically short-circuited by triggering the pulser with 
the sweep of a Dumont CRO type 256-Z>, This caused 
the beam to arrive at the Faraday cage in pulses syn¬ 
chronized with the scope sweep. The duration of the 
pulses could be measured by viewing them on the scope 
with the aid of the 50 microsecond timing markers avail¬ 
able. The pulses obtained were closely trapezoidal^ the 
flat portbn comprising at least 85 percent of the total 
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duration. Errors in relative exposure are thought to be 
not more than one percent and absolute errors not 
more than S percent. 

The accuracy of measurement of beam current was 
limited by its constancy. Variations were not erratic 
but consisted of slow drift of the galvanometer in one 
direction. Measurements were always made immedi¬ 
ately before and after exposure, and data were dis¬ 
carded when the difference so recorded exceeded 10 
percent. As a check on possible errors in current meas¬ 
urement with the Faraday cage due to secondaries or 
back-scattering, the Faraday cage used in all the 
measurements was compared with another of 5 times 
greater ratio of length to aperture. Only for the lowest 
energy electrons was a difference detectable, and this 
amounted to about 5 percent of the current. 

All development was done within a few hours of ex¬ 
posure using full strength DA9 for 5 minutes at 18°C. 
Fresh developer was always used. Development was 
carried out in glass cylinders li inches in diameter and 
5 inches long filled three-quarters with solution and 
closed with rubber stoppers. Agitation was provided 
by systematic rotation and oscillation of the cylinders 
as recommended in the literature.® Stopping and fixing 
were combined by using Kodak acid-fixer F-S freshly 



• “A method of development suitable for standardized senai- 
tometry/' Ptot. J. 80, 341 (1940). 


prepared. For the Ilford plates, the hypo-concentration 
was that recommended by the manufacturers. 

All density measurements were made with a Leeds 
and Northrup recording microphotometer with a 
scanning beam 0.01 by 1.3 mm. Background density 



Fig. 4. Sensitivity curves for Ilford B-2 plates. 


measurements were always made in areas adjacent to 
each of the exposures. Density values shown plotted in 
the subsequent data are the values obtained by sub¬ 
traction of this background density averaged over an 
area equal to the area of exposure scanned by the 
photometer. 

Usually it was found that the density of an exposed 
area varied smoothly from one edge of the f-inch spot 
to the other, with the same pattern of variation showing 
up in all exposures at a given energy. This is thought 
to be due to the fact that the beam takes about 10 per¬ 
cent of the total exposure time to come in and out of 
position when being pulsed. A weighted average was 
taken from the photometric record. Estimated from 
reproducibility, errors from this source were less than 
5 percent. For the fine grained emulsion, this is the 
limiting error in the measurement of density. At very 
small densities there must be added to this an uncer¬ 
tainty of 0.002 in density since the smallest density 
that one can estimate on the instrument is 0.(X)1. For 
the coarse-grained emulsion the photometer record 
revealed fluctuations due to granularity, and the re¬ 
producibility corresponds to an uncertainty of 0.003 in 
density reading. 

RESULTS AND CONCLUSIONS 

As a preliminary check on reproducibility of results 
with a given emulsion, runs were made at 40 kv to ob¬ 
tain density-exposure curves. The results are shown in 
Fig. 2 for Ilford plates. These were all of the same 
emulsion number and processed simultaneously in 
separate containers. The points scatter between two 
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straight lines whose slopes differ by 20 percent. It is 
clear, however, that the points corresponding to any 
given plate do not scatter this much from the best 
straight line for that plate. In fact, the variations are 
consistent with the uncertainties in measurement of ex¬ 
posure and density as given in the preceding section. 
Some of the variation from plate to plate must be due 
processing. Since the relative sensitivity to different 
energies is the primary consideration for beta-ray 
spectroscopy, we have minimized variations in the sub¬ 
sequent work by always comparing densities on the same 
sample. 

The results of a series of runs on Ilford plates at differ¬ 
ent energies are given in I'ig. 3. The numbers on each 
curve are the plate-designating number followed by the 
nominal voltage at which the run was made. It is clear 
that all exposures were within the range in which the 
density-exposure relation is linear. These curves illus¬ 
trate lagain the variation in slope at a given energy for 
different plates. The slo{>es of these curves are shown 
on a double logarithmic plot in Fig. 4, the absolute 
values for the 20 kv run being taken as reference. The 
points corresponding to the data of Fig. 3 are shown as 
The circles are derived from data taken at tliree 
points on two additional plates. The dots are obtained 
from a run on a single plate exposed once at each point 
of the energy spectrum at a density well within the 
range of linearity of the density-exposure curve. All 
other runs were taken in the latter manner. 

The data fall on a well-defined straight line so that 
one may write the following expression for the depen¬ 
dence of density on energy: 

D/{Q/A)^KE^ 

where x is 1.45db:0.05 and K is (0.30zt:0.03)xl0'*^ if 
E is expressed in volts, Q in electrons and A in mml 

The curves of Fig. S were taken on two batches of 
commercial x-ray film. These curves fall into two parts. 



At the upper end of the spectrum they follow a straight 
line parallel to that for the Ilford plates but displaced 
upward corresponding to a sensitivity 4,5 times greater. 
There is a fairly sharp cut-off at the lower energies due 
presumably to the protective gelatine layer. At 4,5 kv 
the sensitivity has dropped to values of the order of 
10“^° mmVelectron and there is a consistent variation 
in sensitivity from sample to sample. This suggests 
variation in thickness of the protective coating. An 
electron of 7 kv energy will have a range of 1 micron 
in the gelatine coating. 

Data on a third emulsion, an experimental Eastman 
type Ky were also taken and are given in Fig. 6. These 
curves are parallel to the other two at the higher energy 
region and show effects of a gelatine coating. 

Since in the foregoing it was important to be within 
the limits of linearity of the density-exposure curve and 
since this criterion is most critical at the lower energies, 
we have exploded the maximum densities ])ermissible. 
Figure 7 shows data taken at 10 and 15 kv for /i-2 and 
x-ray film respectively. At 45 kv, the B-2 plate is 
linear to densities of at least 1.5 and the x-ray emulsion 
to densities of at least 1.0. 

The smallest density which is detectable with a given 
precision depends on fluctuations or noise superimj^osed 
on the record of the signal and background. The back¬ 
ground noise has high frequency components clue to the 
granularity of the emulsion, small dust particles and 
scratches; and low frequency components due to such 
causes as large-scale fluctuations in grain distribution, 
irregular development, and variations in focus adjust¬ 
ment of the microphotometer. The amplitudes of 
those components that are recorded dei>end strongly 
on the resolution of the photometer. 

The Leeds and Northrup microphotomeler has a 
scanning beam width of about 0.01 mm and a height 
which was set at 1.3 mm. The effective resolution can 



Fig, 5. Sensitivity curves for x-ray film. 


Fzo* 6. Sensitivity curves for Type iC plates* 
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be varied by changing speed of scan up to a maximum 
of 50 mm/minute. That is to say, if the scanning is 
done sufficiently slowly to allow the recording systems 
to follow the high frequency fluctuations, the record 
shows the noise corresp)onding to a resolution of 0.01 
mm. As scanning speed is increased, the frequencies 
generated in the photo-cell circuit exceed the speed of 
response of the recorder, which then begins to act as a 
low pass filter. The value of the resolution in this case 
can be estimated from the minimum wave-length of the 
fluctuations on the record. 

Our observations on fluctuations of background for 
the x-ray emulsion were made on a sample with average 
density of 0.135. This value was obtained by treating 
part of a sample with Farmer’s Reducer to dissolve out 
the silver and by comparing densities of treated and 
untreated portions to give the density of the silver 
deposit itself. A speed of 0.2 mm per minute or less 
(resolution of 0.02 mm) was necessary to resolve clearly 
noise due to granularity. This amounted to a density 
fluctuation of 0.03. At the maximum speed of scan 
(resolution of about 1 mm) the amplitude of the noise 
dropped by a factor of 10. 

In contrast to the situation with x-ray film, noise due 
to granularity of the Ilford plates could not be detected 
even at the lowest scanning speed, and an upper limit 
of 0.001 density units may be taken as its value. The 
average density of the silver was 0.014 in these measure¬ 
ments. A microphotometer with greater gain could be 
used with profit. To estimate the improvement that 
might be gained if precision were limited by statistical 
fluctuation of the grains, grain counts were made 
corresponding to the density of 0.014. The grain count 
was found to be 2500 grains in the 0.01 by 1.3 mm 
scanning beam. This implies a mean square fluctuation 
of 50 grains or a density fluctuation of 0.0003. The value 
calculated from the Albersheim formula is 0.00035. 

When a length of developed but unexposed film or 
plate is run through the photometer, low frequency 
variations in density are observed amounting usually to 
a few thousandths in density for the Ilford plates and 
a few hundredths for x-ray film. The wave-length of 
these variations corresponds to centimeters on the 
emulsion. These fluctuations, which are due partially 
to variations in position of the sample in the focal 
plane of the photometer, can be minimized by careful 
background subtraction. It is believed that with suffi¬ 
cient care the precision of a single measurement of 
background density may be kept down to the value of 
0.003 for the x-ray film and 0.001 for the Ilford plate 
using the photometer as manufactured. 



Combining the results of the data on sensitivity and 
minimum detectable density, one may compare the 
two emulsions from the point of view of threshold of 
detectability. Expressing the latter in terms of the 
exposure equivalent of the limiting density the figures 
are 450 electrons/mm® for x-ray film and 680 elec- 
trons/mm^ for Ilford plates. The above figures are 
taken for electrons having an energy of 40 kev and for 
a photometer resolution corresponding to an aperture 
1.0 mm by 1.3 mm. The Ilford plate threshold is limited 
by photometric sensitivity. 
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The construction and operation of a dynamic electron multiplier, of the type sometimes called a multi- 
pactor, is described. Briefly, the multipactor consists of two parallel secondary emissive plates having an 
alternating voltage across them. The magnitude of the voltage is adjusted so that the transit time across 
the gap for electrons starting with zero velocity from one of the plates when the field is passing through 
zero shall be just one-half the period of the a.c. voltage. In this way, electrons and their secondary descen- 
dents can be made to bounce back and forth between the plates and multiplication takes place. The necessary 
phase relationships between the electrons and the field arc discussed. 

The multipactor described here uses 10 cm microwave power to get the a.c. voltage. It has been used as a 
gamma-ray detector in which case the cavity is ^‘broken down” by the multiplication of a Compton electron 
ejected from the cavity wall by a gamma-ray. This breakdown gives rise to a microwave pulse several 
millivolts high at a crystal rectifier. The efficiency of this process is about 1.5X10“* count/gamma-ray. 
The rise time of the pulse is calculated to be about 5X10“*" sec. and is measured to be less than 10'^ sec. 
The dead time is presumed to be about 5 microseconds. 


I. INTRODUCTION 

T he use of microwave power to operate a secondary 
electron multiplier should enable one to construct 
a nuclear particle counter whose pulses have a very 
short rise time and to gain information about time 
delays in secondary electron emission. The multiplier 
described here was developed with these aims in view. 

In simplest terms, the multiplier has two flat plates 
made of a material having a secondary emission ratio, <r, 
greater than unity. These plates are in the form of a 
condenser and an alternating voltage Fo sinco^ is applied 
across them. The voltage is adjusted so that the transit 
time between plates for an electron starting from rest 
from one of the surfaces at shall be just one-half 
the period of the alternating voltage. If any secondary 
electrons are produced by the first electron at the 
second surface, the field can now force them back to. 
the first surface and continued multiplication can take 
place. 

A multiplier operating on this principle, but which 
used 50 me power instead of 3000 me, which is used 
here, has been described by P. T. Farnsworth.^ He 
reports stable gains of up to 10** for special cases and 
gains of at least several thousand in any case. The basic 
theory of operation was subsequently given by Henne- 
burg, Orthuber, and StcudeF and.others. 


n. THEORY OF OPERATION 


Consider two flat plates separated by distance d so as 
to form a condenser and having a voltage Vo sinw/ across 
them. We shall assume throughout this paper, except 
where stated otherwise, that the initial velocity of 


This report contains the essential portion of a thesis in partial 
fulfilment of the requirements for the degree of Doctor of Phi¬ 
losophy in Physics. 

* Now at the RCA Laboratories, Princeton, New Jersey. 

* P. T. Farnsworth, J. Frank. Inst. 218, 411 (1934). 

Orthuber, and Steudcl, Zeits. f. te^. Physik 17, 
115 (1936); Brilche, E-^EUktronengeriUe (Reprinted by Inwards 
Brothers, Ann Arbor, Michigan, 1944), p. jS2ff. L. M. Myers, 
meekon Ophes (Chapmau-HaU, Ltd., London, 1939), p, 306rf. 


electrons ejected from one of the surfaces is zero and 
that the time delay in secondary emission is also zero. 
Let an electron appear at the lower plate at a time r. 
The equation of motion is then 

x=(eFo/rf) sinwL 

The solutions of this equation subject to the conditions 
that X and x are both zero at /=r are x—{eVo/fttdo)) 
X(cos<*)^-“COSa)r) and 

(eFo/w<fa)®)[smw^—sinwr— coswt], (1) 

We now impose the conditions that if r=0, x shall 
equal d when i.e. an electron starting from the 

lower surface at /=a0 will arrive at the upper surface 
exactly one-half period later. This condition, inserted 
into Eq. (1), leads to the equation 

ir^-mPo^yeVo^ ( 2 ) 

It is of interest to investigate the transit times of 
electrons starting at times other than r—0 under the 



Fic. I. Arrival time er. departure time for dilerent V«. 
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conditions stated in Eq. (2) and also to see the effect of 
small variations in 7o- We shall call the voltage given 
by Eq. (2) and shall refer to any 

other Vo by (7o/7oo)> A little reflection shows 

that continued multiplication is possible only for posi¬ 
tive 5, assuming zero time delay in secondary emission. 
(For if 7o is greater than Vooy the transit time for elec¬ 
trons will be less than one-half period and secondaries 
from the second surface will see a field which has not 
yet reversed itself and, therefore, pushes them back 
into the surface with energies too small to produce more 
secondary electrons.) Equations (1) and (2) can be 
combined, setting x—d, to read 

— ir(l — 5) =» sin0— 8in^+ (^— 0) cos^, (3) 

where the starting phase, and the arrival 

phase. 

The solution of Eq. (3) can be obtained in several 
ways. The straightforward “brute force^* method is to 
prepare a curve of ir+sin^ versus and the series of 
straight lines (0—iA) cos^+sin^^' versus <t> on two pieces 
of graph paper. By superposing the two curves and 
noting the intersections for different values of the 
curve of Fig. 1 for 6=0 is obtained. When the ordinates 
of the two curves are made to differ by ir6, the other 
curves for various 5 are obtained. It is immediately 
seen from Fig. 1 that ^ must surely be less than 65® for 
the electron to be able to catch up with the field. 

A solution which graphically indicates possible elec¬ 
tron trajectories has been given by R. Kompfner.® 
From his representation, many things that are not at 
all apparent from the “brute force’^ solution can be 
seen. For example, it is perfectly possible for an electron 
to require 3/2 or 5/2 of a cycle to get across the gap 
and such an electron can still have appreciable energy. 
It is also possible for electrons to leave the lower surface 
and return to it within the range 0®<^<6S® and have 
appreciable energy. All possible paths except the simple 
1/2 cycle crossing will be neglected here. 



Fio, 2. Kinetic energy w. departure time for different 7*. 


R. Kompfner, “Transit-time phenomena in electronic tubes/* 
Wireless Engineer 19 (220), 2 (1942). 


The solutions for some different values of 6 are shown 
in Fig. 1. IT is plotted against ^ because this gives 
the phase of arrival of the electrons with respect to 
the field which will carry them back, and if secondaries 
are instantly emitted, r) is also the starting phase 
for these secondary electrons. 

In Fig. 1 it is seen that the 45° line intersects the 
curve for any 6 (less than 15 percent) in two places. An 
electron must be emitted between 0° and the higher 
intersection in order to be focused to the phase at the 
lower intersection. We shall call the phase at the higher 
intersection If 5 is greater than 15 percent, all 
electrons take longer than one-half period to cross the 
gap and no phase focusing exists. 

The expression for the kinetic energy of the electrons 
as they arrive at the second surface is 

K.E*. = i {cos<i>- cos^)* 

= {eVo/2r){cos<t>-cosy(^Y. (4) 

Some curves of kinetic energy as a function of ^ are 
shown in Fig. 2. 

HI. APPLICATION TO PARTICLE COUNTING 

Three thousand me microwave power is used to oper¬ 
ate this multiplier. The power is fed into a re-entrant 
cylindrical cavity resonator shown in Fig. 3. The gap 
between the center post and the top of the cavity is 
the region where multiplication takes place. Power is 
fed in through a coupling loop, and a much smaller 
monitor loop is used to sample the magnetic field in 
the cavity. 

If a gamma-ray goes through the gap and causes an 
electron to be ejected from one of the surfaces, it may 
be possible for this electron to start the multiplication 
process. In computing the probability that an electron 
with just those properties necessary to start multiplica¬ 
tion will be ejected by the passage of a single gamma- 
ray, the following factors must be considered. 

In order to start the multiplication, an electron 
having nearly zero velocity must appear at one of the 
gap surfaces at a time between 0° and Since is, 
to the first approximation, never larger than 65°, only 
65/360 or ^^1/6 of the electrons ejected at random 
times from either the top or bottom surface can be 
effective in starting the multiplication. Also, since most 
of the electrons ejected by gamma-rays have high 
energies (>10 kev), one must consider the probability 
that these electrons will knock out slow secondaries 
from the gap surface. These factors have been men¬ 
tioned only to make the small measured efficiency seem 
reasonable. 

After a gamma-ray has started the multiplication 
process, the electron current in the gap quickly builds 
up. These electrons absorb energy from the microwave 
field during each traversal while energy is being re¬ 
plenished from the source with a time constant 2Q/«. 
Since this time constant is long compared to the transit 
time, the power picked up by the monitor loop, which is 
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Fig. 3. Diagram of cavity. 


a measure of the energy stored in the cavity, decreases, 
thus producing a pulse with a short rise time. 

It is very difficult to give an exact description of the 
events during and after a pulse. Roughly speaking, it 
is plausible that the following happens. Multiplication 
proceeds until the electrons have drained enough energy 
from the electric field to cause the microwave voltage 
to fall-below the value necessary to sustain multipli¬ 
cation (6>1S percent). The microwave voltage will 
fall somewhat below this value because, although the 
phase of the electrons will diverge if 6> IS percent, the 
electrons can still withdraw energy for a few cycles. 
At this {>oint the peak of the pulse has been reached. 
The phase divergent electrons will finally strike one of 
the surfaces with too small an energy to eject any more 
electrons, and the gap voltage will gradually build up 
to its former value. 

The above discussion gives rise to the question of 
whether such a cavity will be self-quenching. The 
microwave field will certainly overshoot 0.85 Too, and if 
all sources of renewed multiplication, such as residual 
ions, electrons, etc., are removed before the microwave 
field can build up to 0.85 Too again, then the cavity 
will be self-quenching.'* It is experimentally observed, 
however, that the cavity is not self-quenching. While a 
few pulses seem to be self-quenched, this might be 
caus^ either by statistical fluctuations in the number 
of ions produced by the electron stream or the second¬ 
aries they release or perhaps by noise in the magnetron 
output. 

The rise time of the pulse can be Estimated in the 
following way. The top of the pulse will be reached when 
the electrons have absorbed enough energy to reduce 
the microwave voltage below the value required to 
sustain multiplication. This will occur when the voltage 
has been reduced by about 2 percent, since, for reasons 
shown later, the voltage in operation is usually about 2 
percent above the minimum required for multiplication. 
This, in turn, will occur when the energy absorbed by 

* It can easily be shown that if ] ev ions were produced by the 
electrons, for example, that they would not (Appear in time, 
but It IS hard to see where the ions could get so much energy. 


the electrons is about 4 |:>ercent of the energy stored in 
the cavity. The energy absorbed per electron per 
traversal is nearly 2V&e/ir> We assume that the cavity 
is a parallel LRC circuit where C is the capacity across 
the gap, L is the inductance of a concentric line having 
radii equal to the radii of the cavity, and R is the re¬ 
sistance corresponding to losses in the walls of the 
cavity. The energy stored in the cavity is We 

now set n2Toe/ir=0.04CTo* where n is the number of 
electrons in the gap at the final multiplication. Substi¬ 
tution of the experimental values T<p:^550 volts and 
Cc!ii2XlO~‘* farad leads to nci::4* 10’. 

The above is a very crude calculation, but indicates 
that even with a conservative value of 2 for ir, only 24 
half cycles of the microwave voltage are necessary for 
the voltage pulse to build up. If we take the rise time 
to be the time required for the pulse to rise from 0.1 to 
0.9 of its final value we obtain a value of 5X10“^** sec. 
The effect of space charge is neglected because, whereas 
10’ electrons per traversal correspond to about 10 ma, 
the maximum space charge limited current is about 
500 ma for this cavity. 

IV. CONSTRUCTION OF MULTIPLIBR AND 
RELATED APPARATUS 

The multipliers described here were constructed of 
oxygen-free high conductivity copper (OFHC) because 
such copper can be silver soldered in a hydrogen atmos¬ 
phere without becoming oxidized. All hard soldering 
operations described here were done in a hydrogen 
atmosphere. Be-Cu is used as the secondary emissive 
surface because of the simplicity of activation.* 

A construction diagram of the cavity used for the 
detection of gamma-rays was given in Fig. 3. A nomo¬ 
graph, which shows the dependence of center post 
diameter, kinetic energy of electrons and the power 
required to operate the cavity, all as a function of gap 
separation is given in Fig. 4. These curves are calcu¬ 
lated on the assumption that the cavity is a simple 
LRC circuit and are based on the measurements of 
the cavity shown in Fig. 3. 

* J, S. Allen, improved electron multiplier,'* Rev. Sd. Inst. 
18,739(1947). ^ , 
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The cavity is assembled with silver solder. The joint 
between the top and bottom halves is made with wax 
or a gold gasket for ease in disassembly. 

After the cavity is evacuated, it is found that no 
multiplication takes place until the surfaces are ac¬ 
tivated by the admission of enough power to cause 
breakdown in the cavity. This latter power level is 
easily recognized by the fact that the power in the 
monitor loop suddenly stops increasing as the available 
input power is increased. After the cavity has remained 
broken down for a few minutes, the available power can 
be decreased to the point where the power in the 
monitor loop just begins to change, and in this region, 
the cavity is sensitive to gamma-rays.® If the power is 
raised above this point, it will again break down. The 
cavity is therefore usually operated at a power level 
only a few percent above the minimum. 

The source of microwave power is required to supply 
a watt or so at a wave-length of about 10 cm, but it is 
desirable to have considerably more than this available. 
A QK-59 magnetron (Sylvania) was used in this 
laboratory. 

A block diagram of the equipment used is shown in 
Fig. 5. Most of the components are used in a standard 
way. The parts p>eculiar to this experiment are as 
follows. The 30 ohm resistor in series with the mag¬ 
netron power supply enables one to modulate the 
voltage on the magnetron, In particular, it is used to 
get pulses to quench the cavity counter by reducing 
the available power and to pulse the microwave 
power to test the rest of the equipment. A thyra- 
tron which shorts an artificial line is used to get mi¬ 
crosecond pulses from a low impedance. The lossy 



Fio. 4. Nomograph for cavity construction. (Pertinent data for 
cavities having height-0.58" and outer radius- fi". Q assumed 
*«10»andX-T0.9cm,) 

* Sucoestful cavities have been examined after the activation 
by breakdown, and it is found that the gap surfac^ are darkly 
colorad, Chemical tests indicate that the darkness is primarily a 
cof>par oslde. The presence of BeO is, however, not ruled out. 


cable is used to reduce the percentage of noise in 
the microwave power since the absolute magnitude of 
the noise generated by the magnetron is nearly the 
same at low levels as at high levels. The 2 microsecond 
pulser produces a 40 volt pulse every time the cavity 
breaks down and quenches the cavity. For simple 
visual observation of the pulses a Kaylab amplifier 
(voltage gain 10®) is used and its output is seen on a 
simple 3-inch oscilloscope. Two Navy #TS-34A/AP 
’scopes, which have a frequency response flat out to 
4 me, are used, one merely as an amplifier for the other, 
to get rough estimates of the size and shape of the 
pulses, 

V. CHARACTERISTICS OF GAMMA-RAY DETECTION 

Since this counter is not self-quenching, an external 
quencher in the form of a pulse to momentarily de¬ 
crease the magnetron output was employed. An un¬ 
fortunate consequence of such external quenching is 
that the pulse shape and size is distorted and takes the 
form shown in Fig. 6. Because the quenching pulse is 
necessarily greater than the initial pulse, quantitative 
information about the pulse height distribution such as 
might be obtained from a discriminator and scaler is 
made unobtainable. But visual observation of the pulses 
shows that they are all of nearly the same height just 
as is to be expected. 

As mentioned previously, the rise time of these pulses 
is expected to be of the order of 5X sec. Only visual 
observation of the pulses was employed to measure the 
rise time and the only conclusion to be drawn is that 
the rise time is at least as fast as the oscilloscope 
amplifier and so is probably less than 10“^ sec. 

The amplitude of the pulses due to gamma-rays is 
about 3 or 4 times larger than the background noise. 
This background noise comes primarily from the mag¬ 
netron. 



Fig. 5. Block diagram of ap[>aratus. 
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The magnitude of the background noise at the czystal 
rectifier is about 1 millivolt r,m,s. The height of the 
initial pulses due to the gamma-rays is about 4 mv. 
Hie quenching pulse is about 3 times as large as this, 
but the magnitude of the quenching pulse should not 



Fig. 6. Typical voltage pulac at crystal rectifier. 


be critical. The d.c. voltage across the crystal rectifier 
is about 0.3 volt. Thus the gamma-ray pulses are be¬ 
tween 1 percent and 2 percent of the d.c. voltage— 
a reasonable figure since the input power level is only a 
few percent above the minimum necessary for sustained 
multiplication. 

The efficiency of this counter is of the order of 
I.SXIO”^ count per gamma-ray.’ If it is remembered 
that this counter is sensitive to about one-sixth of the 
electrons, the efficiency of the surface itself is about 10“^ 
where efficiency now means the number of electrons 
emitted which are capable of startmg multiplication per 
gamma-ray. This latter figure should be the same order 
of magnitude as the efficiency of a static electron multi¬ 
plier having plates of Be-Cu. J. S. Allen* reports that 
the efficiency of his multiplier was of the order of 10“* 
for gamma-rays. 

The number of background counts observed with the 
cavity counter is of the order of one count every 200 
sec,® This number, however, is difficult to measure 

^ In computing this efficiency, 6X10'® gamma-rays per second 
per gram of Ra was assumed. Corrections were made for the fact 
that 60 cycle hum in the power supply makes the gap voltage fall 
below 0.85 Too for about i of a cycle. The source usw was meas¬ 
ured by Radium Service, Philaddphia, Pennsvlvania. 

® Tms is a higher background than one would expect from cosmic 
radiation and is probably due in part to thermal electrons. 


because the magnetron output must be held constant 
to 1 percent for such a long time. 

Two sources of Ra were used to check the propor¬ 
tionality of this counter, and it proved proportional up 
to 10 counts/sec. This was measured using 10 milli- 
curies of radium and unfortunately a stronger source 
was not available to check the deadtime. The dead¬ 
time, however, must be at least as long as the quenching 
pulse, and there seems to be no reason for it to be longer 
than this. 

It would be highly desirable to get a curve of the 
counting rate or efficiency of the counter as a function 
of the microwave power input because the magnitude 
of the range of power permitting multiplication would 
yield information on the maximum time delay in second¬ 
ary emission.® Unfortunately, the counter is sensitive 
over a very small range of input power corresponding to 
70 to 73 arbitrary units and breaks down when this 
limit is exceeded. Fluctuations of 1 or 2 such units are 
caused by fluctuations in the high voltage supply and 
make it exceptionally difficult to obtain such a curve 
but visual observation of the counting rate on a ’scope 
indicates that the efficiency remains roughly the same 
in this range. 

It is worth mentioning that sinusoidal modulation of 
the microwave power can be used to quench the cavity, 
if the modulation frequency is high enough compared 
to the average number of counts per second, 
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A recent investigation has resulted in the development of a multiple pressure tube anemometer, wliich 
measures both wind speed and direction without moving parts exposed to the wind. 

From the expression for the air flow past a quadric surface, it is shown that, by the use of one system of 
suitably spaced impact holes, it is possible to measure the rectangular components of wind velocity in one 
quadrant. Another arrangement of holes is presented that takes advantage of the breakdown in flow pattern 
past 90® to measure wind components in all quadrants without ambiguity. 

The components of wind velocity so measured are combined in an electromechanical system which 
provides indications of speed and direction. 

Finally, the experimental instrument embodying these principles is evaluated and performance data 
taken from it are presented. 


SYMBOLS 

/>“Free stream static pressure. 

^ 1 “ Static pressure in disturbed flow. 

I—Superstream pressure in disturbed flow. 

Static pressure at quadric surface. 

Superstream pressure at quadric surface. 
Superstream pressure at top hole in experimental 
heads. 

/*" Total pressure. 

Impact pressure. 
r"»True wind speed. 

]/,«sWind speed in disturbed flow. 

Fj^Wind speed at quadric surface. 

Air density. 

Impact angle of wind, 
a—Angle of resultant magnetic field. 

Inertia factor. 

Elf JSj** Output voltages of potentiometers. 


pressure measured by an impact tube and the angle it 
makes with the wind stream (yaw angle). 

Let us assume that air is a weightless fluid of constant 
density and zero viscosity. It is flowing without turbu¬ 
lence at a free stream velocity V with a free stream 
static pressure p. The flow is disturbed by the presence 
of some object, so that the fluid at some point in the 
vicinity of the object is flowing at the velocity Fi, with 
a static pressure of pi, and a superstream pressure of 
Api, 

Any point at which the fluid is brought to rest is 
called a stagnation point. The corresponding pressure 
is P and the sup)erstream pressure, called in this case 
the impact pressure, is q. Then, 

q^ipV^, ( 1 ) 


I. INTRODUCTION 

E xisting methods of measuring wind velocity 
involve the combination of two sensing instru¬ 
ments, one for speed and one for direction. These are 
of various types, the oldest being the wind-vane. Speed 
is generally measured by a rotation anemometer, 
although other instruments such as pressure plates, 
bridled cups, and pressure tubes are also in use. All, 
however, are characterized by the fact that they must 
have some moving part in the sensing element. 

A multiple pressure tube anemometer which does not 
possess this characteristic has been develop>ed.t It is 
the purpose of this paper to discuss the theoretical and 
practical considerations which make this instrument 
possible. 


XL GENERAL THEORY 

Pitot static tubes in use today have been specifically 
designed to minimize the effect of pitch and yaw. 
However, a definite relationship exists between the 


*I& charge of Research and Development of Meteorological 
Instruments. 

*• Engineer. 

^D eveloped under Signal Corps Contract No. W36-039-SC- 


and by Bernoulli’s statement of the Law of Conserva¬ 
tion of Energy, 

p+hpv^=pi+yvi\ ( 2 ) 

Combining (1) and (2) and clearing: 

A^./9=1-(F,VF2*). (3) 



Fio. 1. Test head, ritowing top reference hole. 
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Lamb^ has pointed out that a solid moving in trans¬ 
lation in a fluid has its apparent inertia increased by a 
factor Ka, called the inertia factor, which is proportional 
to the mass of the fluid displaced and is a function of 
the shape of the solid. For simple quadrics, such as the 
sphere, ellipsoid, cylinder, etc., the inertia factors have 
been computed and the results checked experimentally.® 
The inertia factor affects, among other things, the veloc¬ 
ity Vi of the fluid stream along the surface of the body 
in the following fashion 

Vi^{l+Ka)Vsme, (4) 

where 6 is the polar angle on the quadric. 

For a sphere, 

X«-0.5, 

so that, 

Vi^\,5Vsine, (5) 

and, combining (3) and (5) and canceling the F®: 

Api/q = 1 — 2.25 sin®^, (6) 

where Api is the superstream pressure at the quadric. 

That is, the ratio of the superstream pressure at 
any poit^t on the sphere to the impact pressure is a 
function of the impact angle of that point with relation 
to the direction of flow. 

If a circular plate of zero thickness is placed in the 
fluid stream parallel to the direction of flow, it will 
have an inertia factor 




Therefore, from (4) 


Vi^V sine, 

(7) 

and, combining (3) and (7) 


cos®e. 

(8) 



Fig. 2. Variation in measured impact pressure with yaw angle 
for three experimental heads. 


' Horace Lamb, F.R.S., The Inertia-Coefficienis of an Ellipsoid 
Moving in FUM, R & M #623, Advisory Committee for Aero¬ 
nautics (October, 1918). 
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This indicates that the superstream pressure is 
identical to the impact pressure which would be meas¬ 
ured if a wind with a free stream speed of V cos^ were 
blowing directly into the tube. 

It is apparent then that the tube is actually measuring 
the component of the free stream wind velocity which 
is normal to the tube opening. If a hole at right angles 
to this tube is considered, the superstream pressure at 
this hole will be 

(9) 

which is equivalent to measuring the wind speed V sinP 
head on. 

Thus, it is apparent that when a wind blows on two 
perpendicular impact tubes located in a circular plate 
of zero thickness, the pressures measured in the tubes 
correspond to the components of wind velocity normal 
to each tube. 

In the more general case of a circular plate with 
finite thickness ' 

and 

( 10 ) 

which is a special case of (3). 

The superstream pressure for any point on the 
circumference becomes 



This means that the superstream pressure at the 
circumference of the plate is compost of two parts, 
one dependent on both wind speed and impact angle 
and the other dependent only on wind speed. 

If a pressure equal in magnitude to the part depen¬ 
dent only on wind speed were added algebraically to 
this superstream pressure, the resulting pressure would 
be 

A^8-§p(l+ir,)®F»cos®f?, (12) 

and it would be possible to measure wind components 
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in the same manner as with the theoretical plate of 
zero thickness. 


m. EXPERIMENTAL RESULTS 

In this analysis the superstream pressure (A^ 2 ) at 
the quadric surface has been considered with reference 
to the free stream static pressure. Since true static 
pressure is difficult to obtain in practice, however, the 
reference pressure in the test heads has been obtained 
from a flush hole located symmetrically at the top of 
the head (Fig. 1). A consideration of the streamlines 
of flow over the head indicates that the pressure at 
this hole is less than the free stream static pressure by 
some value A ^4 which is in effect a negative superstream 
pressure. 

Thus, the differential pressure measured between the 
impact and top holes may be described as 

Api^Api-APi. (13) 

Since Api is proportional to F*, is independent of 
impact angle, and is affected in absolute magnitude by 



Fio. 4. Assumed variation with yaw angle of differential pressure 
between diametrically opposed holes in final head. 


the thickness of the head, a head contour exists in 
which 

(14) 

This relationship makes practicable the operation 
proposed in arriving at Eq. (12). 

The test results obtained from three experimental 
heads are shown in Fig. 2. Head number 2 conforms to 
the relationship of Eq. (14), since is equal to zero 
when 5-90®. 

The discrepancy in these curves between the actual 
results and theory is caused by the fact that the flow 
strea mli nes break away from the surface at impact 
angles greater than 60® to 90®, depending on the head 
design. This discrepancy can be avoided in an actual 
instrument by limiting the use of an impact opening 
to the region of 0®±90®. 

Data from head number 4, shown in Fig. 3, offer 
another solution to the problem. The variation in 
pressure in the region 180°±90® is very small with 
respect to the total change in pressure in the region of 
0®:i:90®, The characteristic in th^ latter region may be 



Fig. 5. Schematic diagram of the multiple pressure 
tube anemometer. 


approximated by Eq. (11) and the characteristic 
between 90® and 270® by 


270 * 


Ap, 


90 * 


~Jp[(l + Aa)2-l]F, 


(15) 


(.shown in Fig. 3 by the ‘^assumed^^ curve). 

Thus, the differential pressure between two holes 
180® apart (A^) can be represented by the two following 
equations 








270 " 


(16a) 


Ap 


2W 

= -ip(l + A'„)n''*cos=5 

90 * 


(16b) 


(equations shown in Fig. 4), representing one compo¬ 
nent of the wind. Two holes placed on an axis at right 
angles to that of the first pair will measure the perpen¬ 
dicular component. 


IV. COMBINATION OF WIND COMPONENTS 

These components may be combined to give wind 
speed and direction indications in a number of ways. 
One simple means is provided by connecting each pair 
of impact holes to a differential pressure diaphragm 
which, through a suitable mechanism, positions a linear 
potentiometer in proportion to the square root of the 
differential pressures. 

If these potentiometers are connected as shown in 
Fig. 5, the a.c. voltages Et and £» appearing between 
the potentiometer sliders and ground will be a function 






654 


P. R. GOUDY AND H. F, COLVIN, III 


of the position of the sliders and hence of the square 
rootofA/»: 


Ei^K/^il+Ka)p^V cose, (17) 

and 

E 2 ^K/^{l+Ka)p^V sine, (18) 



Fig, 6. Final head, with four impact holes. 


where K is equal to the electromechanical calibration 
constant* of the system. All of the constant factors 
may be combined to give 

JEi-ATcos6>, (19) 

and 

E^^K'V sine. (20) 

E\ and when applied to two mutually perpendic^ 
ular coils, create two electromagnetic fields Fi and Ft 
whose magnitudes may be represented by 

Fi-A:'Tcos^, (21) 

and 

sine. ( 22 ) 

The magnitude of the resultant electromagnetic field 
F, which is the vector sum of Fi and Ft, is proportional 

Table I. Experimental results. 


A. Calculated by Eq. (12) with data Uken using top reference hole. 

Wind Bpeed—100 m.p.h. 

Wind direction relative 

Error In wind 

Error in wind 

to impact hole 

direction 

speed 

(degrees) 

(degrees) 

(m.p.h.) 

0 

6.7 

8,2 

20 

-0.7 

7,7 

40 

-0.8 

' 6.3 

60 

l.l 

7.0 

80 

0.3 

8.6 

B. Calculated by Etja, ( 

;i6a) and {l6b) with data taken using two holes 
180 degrtfes apart. 

Wind speed—100 m.p.h. 

Wind direction relative 

Error In wind 

Error in wind 

to impact hole 

direction 

speed 

(degrees) 

(degrees) 

(m.p.h.) 

0 

0 

3.0 

20 

1.2 

2.5 

40 

-0.6 

-1.7 

60 

-O.l 

0.5 

80 

-2.4 

4.6 


to wind speed, 

- ({KyV^ cos^+{KyV^ sin^^)*, (23) 

and its direction (a) is representative of wind direction 

o==tan“KF2/Fi), 

a- tan-HA^'T sin^/A'T cos0), 

a^e. (24) 

If a rotor carrying two perpendicular windings be 
placed in this magnetic field, and connected as shown 
in Fig. 5, the voltage induced in rotor winding A will 
cause a servo motor to position the rotor to a null. 
In this position, the axis of rotor winding B is parallel 
to the direction of the electromagnetic field and has a 
voltage induced in it. Thus, the position of the rotor 
indicates the direction of the field, and hence the 
direction of the wind, and the voltage induced in 
winding B is proportional to the strength of the mag¬ 
netic field, and hence to the speed of the wind. 

V, ACCURACY OF RESULTS 

Certain of the equations introduced in this paper 
have only approximated the actual test results obtained. 
In order to justify these approximations, it remains to 
examine the errors introduced into the theoretical 
solution by the use of actual results in place of the 
mathematical relationships. 

Table I shows the results of a series of calculations 
of the wind speed and direction which would be indi¬ 
cated by an instrument operating on the basis of Eqs. 
(16a) and (16b), and by one based on Eq. (12). Equa- 



Fio. 7. Wind speed and direction indicator for multiple pressure 
tube anemometer. 

tions (12) and (16) are mathematically identical but 
arc baaed on different physical circumstances. It will 
be noted that the errors resulting from the use of two 
diametrically apposed holes are small and are less than 
those resulting from tfie use of a top refer^ce hde. 
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VI. THB EXPERIMENTAL INSTRUMENT 

An experimental instrument was constructed which 
functions in accordance with the relationships of 
Eq. (16). It consists essentially of a detecting head 
similar to Fig. 6 with the four pitot openings connected 
to two electro-mechanical transducers. The two elec¬ 
trical outputs are a function of the differential pressures 
between the North and South openings and between 
the East and West openings, respectively. The trans¬ 
ducers are connected electrically to an electro-magnetic 


resolver which presents the values of wind speed and 
direction on two indicating dials as shown in Fig. 7. 

Although the operation of this instrument is ad¬ 
versely affected at low wind speeds, it will, even in the ^ 
experimental form, measure wind speed and direction 
at speeds above 10 m.p.h., with an accuracy sufficient 
for most practical purposes. 

A discussion of the construction and operation of 
the completed experimental instrument will be the 
subject of a future paper. 
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The Detection of and Zn*^^ by Photographic Film 

(Dan IK I. Steinberg* and A. K. Solomon 
Biophysical Laboratory^ Harvard Medical School^ Boston^ Massachusetts 
(Received June 3, 1949) 

The density response of photographic emulsions to the radiations of Ca^, I***, P® and Zn“ has been de¬ 
termined. Characteristic curves for all four isotopes against Eastman no-screen x-ray film and Eastman 
type M stripping film are presented, together with certain additional studies on Eastman NTS stripping film 
and Eastman type K x-ray film. The relative photographic effectiveness of the isotopes examined increases 
in the order: Zn“, P®, Ca^, Applications of the data for quantitative radioautography are discussed. 


T he present studies are an extension of the research 
previously reported on the detection of by 
photographic film.^ In order to determine the response 
of photographic film to the continuous spectrum of a 
beta-emitting isotope, nineteen different films were ex¬ 
posed to and their characteristic curves obtained. It 
has seemed desirable, particularly in view of the im¬ 
portance of radioautographs, to extend this work to 
include other beta- and gamma-emitters. For this pur¬ 
pose we have selected four isotopes of biological interest 
whose disintegrations cover a wide range of energies. 

EXPERIMENTAL METHOD 

The conventional method of determining the contrast 
and sensitivity of a photographic film involves exposing 
the film to a uniform source of radiation through an 
absorbing wedge. A radiator comprising eight smaU 
sources of radioactive carbon of graded intensity was 
previously used^ to replace the conventional uniform 
source and wedge. This method has been continued and 
extended for use with other isotopes. Figure 1 shows the 
radiator, its collimator which limits the beta-radiation 
received by the film to a small uniform circle, and an 
example of an exposed film. Characteristic curves 
lowing the rdationahip of the logarithm of exposure to 
density have been obtained by exposing the film to the 
radiator, developing under standard conditions, and 
measuring the density with an Ansco-Sweet photo¬ 
electric densitometer. 

* Poetdoctorate Research Fellow, National Institutes of Health. 
^ J. Cobb, and A. K. Solomon, Rev, Sd. Inat. 19,4il (1948). 


PREPARATION AND CALIBRATION OF SOURCES 
A. Simple Beta-Emitters 

Ca^ was obtained from the Atomic Energy Commis¬ 
sion as Ca*Cl 2 . Eight successive dilutions, varying in 
concentration by a factor of three between steps were 
prepared. Measured volumes were then evaporated to 
dryness in the radiator cavities, with the addition of one 
drop of 1 percent Aerosol OT as a wetting agent. 

P“ obtained from the Atomic Energy Commission as 
carrier-free HsP '*'04 was prepared in the same way. 

Sources prepared by evaporation, even with the addi¬ 
tion of a wetting agent, do not spread uniformly over 
flat surfaces. In these preparations the actual distribu- 



PiG, 1. Radiator with collimating piece and specimen film. 
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tion consisted of a uniform central area, with a slight 
accumulation of material at the perimeter. The use of 
collimators limited the effective source to the uniform 
central area, as confirmed by displacing the collimator 
relative to the radiator by a distance up to 2 millimeters 
and finding no change in the radiation as measured 
directly by a Geiger counter. A further check was pro¬ 
vided by microscopic examination of the image. 

B. Complex Beta- and Gamma-Emitters 

Because of the high penetrating power of their 
gamma-rays, it was not practicable to use collimatora 
with isotopes such as I**' and Zn®®. Uniform sources were 
therefore prepared from suspensions of precipitated 
material. was obtained from the Atomic Energy 
Commission as a KI* solution. Graded dilutions were 
prepared, and added to a fixed amount of carrier KI. 
Bil*8 was precipitated and transferred to the radiator as 
a water-acetone slurry with a micropipette. In the 
course of drying under the infra-red lamp, the precipi- 



Fig. 2. Characteristic curves for Eastman no-screen x-ray film. 
Exposure times 1-3 hours. Development 5 minutes at 68®F 
in DA9, 



LOCi, W W* 

Fio. 3. Characteristic curves for Eastman type M stripping film. 
Exposure times 16-48 hours. Development 5 minutes at 68° 
in JD-19. 

tate became rather pasty and could then be spread 
uniformly by a fine beaded glass capillary. 

Zn" as zinc ammonium citrate was obtained from the 
Massachusetts Institute of Technology cyclotron (de¬ 
flector plate D 4) through the courtesy of Dr. John 
Gibson and Dr. Robley D. Evans. Graded dilutions 


Tabu I. Eastman m>4creen double s-ray, emulsbns yC5133- 
678-X2 and yN5133-676-l. 



Sensitivity 

Contrast 


O.l above 

0.6 above 

At 

At 

Isotope 

background 

background 

P-0.1 

P-0.6 


6.42 

7.24 

OJl 

MS 


6.42 

7.34 

0.27 

M3 

psi 

6.70 

7.42 

0.31 

1.32 

yu 

7.11 

7.85 

0.23 

1.41 

Zn*» 

7.96 

8.77 

0.28 

M8 


Eastman type M stripping film, emulsion N4X'21896-1 


O' 

7.69 

8.39 

0.28 

1,47 

Ca'* 

7.84 

8.76 

0,20 

1,40 

im 

8.35 

8.96 

0.35 

1.41 

yn 

8.75 

9.39 

0.30 

1,66 

Zn« 

9.47 

10.20 

0,32 

1.34 


Kastman NTB stripping film, emulsion N4X-2227i 


C14 

7.65 

8.41 

0.24 

1.25 

Ca** 

7.86 

8.78 

0.22 

1.20 

Zn«‘ 

9.50 

10.28 

0.25 

1.25 

Eastman type K industrial 

X ray film, emulsion J-S13S*420»89 

O' 

6,55 

7.31 

0.25 

0.89 

Ca« 

6.57 

7.56 

0.23 

0.93 

Zn" 

8.12 

9.04 

0.25 

0.97 


were prepared, added to a fixed amount of carrier 
ZnS 04 , precipitated as Zn*S and transferred as de¬ 
scribed for iodine. 


CALIBRATION 

Accurate calibration of the sources in terms of abso¬ 
lute disintegrations per minute is essential if one is to 
compare the photographic effect of different isotopes. 
Fortunately, the presence of the collimator simplified 
the calibrations of the beta-emitters, Ca®® and P®*, be¬ 
cause the solid angle of the escaping beam could be 
embraced by the sensitive volume of the thin-window 
Geiger counter used for the measurements. Thus, we had 
effective 100 percent geometry for the collimated beam, 
and it was necessary only to correct for air and window 
absorption. Correction for air absorption was made only 
to the surface of the collimating piece, rather than to the 
source itself. This gave us a direct count of the actual 
number of particles striking the film. It was possible to 
verify that the geometry was 100 percent by comparing 
counting rates with the collimator absolutely on the axis 
of the tube, and displaced by as much as 2.5 mm from 
the axis. 

The figures obtained in this fashion have been 
multiplied by 2 to make the data as presented applicable 
directly to a real source emitting radiation both up and 
dovn. Such a source (uniform, flat, infinitely thin) would 
theoretically produce some blackening of the film, or at 
least dissipate some of its energy, outside the periphery 
of the major exposed area. Therefore, an independent 
check on the equivalence of the exposui^density rela¬ 
tion obtained with a real source seemed necessary. 
First, a large piece of filter paper was soaked in Ca*Cl# 







DETECTION OF Ca«», P»», P»», AND Za«» 


657 


and a radioautograph was prepared with the him sepa¬ 
rated from the filter paper by l.S mg/cm* of aluminum 
foil to prevent chemical fogging. Using the density 
pattern of this autograph as a guide, a smaller circle of 
filter paper of uniform radioactivity was cut out to serve 
as source for a second radioautograph. This uniform 
source was calibrated against UaOg corrected for back- 
scatter. The exposure-density values obtained with this 
real source fell within 10 percent of the values obtained 
with the radiator calibrated against the counter directly. 

Another possible source of calibration error considered 
was that which might arise from scattering of the beta- 
radiation from the walls of the collimator at an angle 
outside the calculated solid angle of radiation. The ex¬ 
tent of such scattering was considered unimportant for 
two reasons. First, the measured counting rate, after air 
and window absorption correction, was unchanged when 
the radiator-window distance was increased from 2.5 to 
3.5 mm. Second, the border of the image was very sharp 
and microscopic examination showed a steep gradient 
from image to background. 

Zn“ was calibrated with a Lauritsen electroscope 
against a Bureau of Standards radium gamma-ray 
standard. Extrapolation from the Bureau of Standards- 
figures for the relative gamma-ray efficiency of the 
Lauritsen electroscope, and the transmission of radium 
gartlma-rays through the aluminum chamber walls was 
used to determine the gamma-ray activity in a solution 
of Zn*Cls. The disintegration scheme of Good and 
Peacock* was the basis of the conversion of measured 
activity to disintegrations per minute. 

To avoid effects of adjacent sources when counting, 
the radiators for the gamma-emitters were cut into eight 

Table II. Film characteristics. 


Average Average 

background grain mze (m) 


No-screen x-ray 0.18 6 -8 

Type M stripping 0.05 1 -2 

K x-ray 0,28 4 

NTB stripping 0.04 0.6-0.8 


Table HI. Initial activity required for radioautographs (15-day 
exposure, S-minute development in D-19), 


Denilty 

above 

backtround 

c» 

Ca“ 

|1U ptl 

Zn« 


Eastman no-screen x-ray film 


O.l 

124 

124 

414 843 

4250 

0.6 

806 

1030 

2180 4610 

27,400 


Eastman type M stripping film 


0.1 

2280 

3260 

18,500 36,700 

138,000 

0.6 

11,400 

27,000 

75,200 160,000 

741,000 


’Bureau of Standards, '^Suggestions lor use of gamma-ray 
standards.*’ 

* W. H. Good, and W. C. Peacock, Phys. Rev. 69, 680 (1946). 


individual pieces. A small aliquot of the standardized 
Zn“ was prepared in a cup identical with those used in 
the radiator. The cup of the radiator was then stand¬ 
ardized against this both by direct counting with a 
Geiger counter, and by comparison using photographic 
film. 



Fig. 4. Comparison of the response of the four films used to beta- 
radiation from Ca'*. Exposure times 1-3 hours for no-screen and 
type K x-ray films; 16-^ hours for type M and NTB stripping 
films. Development 5 minutes at (>8® in /)-19. 

The was standardized both by gamma-radiation 
gainst the radium standards and by beta-radiation 
against a sample of UjOs under a Geiger counter. The 
decay scheme used was that proposed by Metzger and 
Deutsch^ and the corrections for backscatter were taken 
from Zumwalt.* Originally, difficulties were encountered 
in obtaining agreement between the gamma- and beta- 
ray standardizations due to losses during preparation of 
the evaporated sample. Such losses could be prevented 
by the addition of carrier KI to solutions of Nal* and 
evaporation at room temperature over night. Under 
these conditions, we obtained a beta-ray standardization 
value which agreed within 3.6 percent with the gamma- 
ray standardization. 

FILMS. EXPOSURE, AND DEVELOPMENT 

The films chosen for primary investigation were 
Eastman no-screen x-ray film and type M stripping 
film, as recommended by Cobb and Solomon.^ These 
films are of particular interest because of their use in the 
preparation of radioautographs using the stripping film 
technique developed by MacDonald, Cobb, and Solo¬ 
mon.® Certain additional studies were carried out on 
Eastman NTB stripping film and Eastman type K x-ray 
film. 

Films tested were clamped emulsion side down be¬ 
tween the radiator and a glass slide, exposed for a 
measured time interval (1 to 3 hours for no-screen x-ray 
film; 16 to 48 hours for type M stripping film) and de¬ 
veloped immediately. Precautions in handling films and 
procedures for development were those described in the 
previous paper.* Films were developed for exactly five 

< F. MeUger, and M. Dcutach, Phys. Rev. 74, 1640 (1948). 

»L. R. Zumwalt, MDDG1346, U. S. AEC. 

• MacDonald, Cobb, and Solomon,Science 107,2786 (1948). 
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minutes at 20®C in Kodak D-19, rinsed 30 seconds in a 
1 percent acetic acid stop-bath and fixed in Kodak F-S 
for twice clearing time. 

RESULTS 

Characteristic curves for the isotopes examined are 
given in Figs. 2 and 3. For purposes of comparison, 
measurements have been repeated with using the 
original radiator. In Fig. 2, the density as measured by 
the densitometer is plotted against the logarithm of the 
total exposure for type M stripping film. Exposure, in 
terms of total number of disintegrations per cm® of ex¬ 
posed film, calibrated as discussed above, has been* 
multiplied by 2 in every case to yield values corre¬ 
sponding to a real source emitting radiation both up and 
down. Figure 3 is a similar curve for the case of Eastman 
no-screen x-ray film. In spite of the precautions taken in 
development, scatter of experimental points on the same 
radiator is about dblO percent. 

Eastman no-screen x-ray film is a coarse-grained, fast 
film useful for work with weak sources. It is coated with 
emulsion on both sides of the support, which contributes 
to the blackening of the film in those cases (all except 
and Ca") in which significant amounts of radiatioi^ 
penetrate through the support to the second emulsion. 
Each coating is 23 microns thick, and the support is 
0.203 mm thick. These thicknesses correspond to 6 
mg/cm® and 25.6 mg/cm® respectively (neglecting the 1.2 
micron thick gelatin coating on the emulsion). Type M 
stripping film is a fine-grained, slower film which offers 
better resolution, with an emulsion which is about 10 
microns thick, corresponding to about 2.6 mg/cm®. 

The astronomical convention that a density 0.6 above 
backgroimd serve as an index of the speed of the film 
was followed in reporting the results for Further 
experience with radioautographs has shown that a 
criterion of 0.1 density unit above background is of more 
use in evaluating film for biological investigations. 
Table I shows the sensitivity and contrast at both values 
for no-screen x-ray film, type M stripping film, NTB 
stripping film and type K industrial x-ray film. The 
contrast in each case is given for the point at which the 
sensitivity has been measured. As one moves further 
toward the linear portion of the characteristic curves, 
the contrast increases to values between 3 and 4. The 
average grain sixe as estimated microscopically and 
average background densities are given in Table II. 

Figure 4 shows a series of characteristic curves for 
Ca“ for all four of the emulsions examined. It will be 
noted that the type K film is apparently more sensitive 
than the no-screen at lower densities. However, this 
apparent discrepancy between the curve and the values 
given in Table I disappears when the higher background 
density of the type K film is considered. 

For use in radioautographs, it is desirable to know the 
minimum surface concentration of activity that will 
produce the desired image density. Table III gives these 
values in dismtegrations/cmVnunutc for densities of 0.1 


and 0.6 above background, and fifteen day exposures. If 
the concentration is markedly non-uniform, the values 
in Table III will obviously not apply, though in many 
cases they will provide a first approximation. Scatter, 
geometry and absorption corrections must be evaluated 
in relation to the particular technique employed. Latent 
image fading, for which no accurate data are available 
for these emulsions, may become important for long 
exposures. 

DISCUSSION 

Table I shows that the photographic effectiveness of 
the isotopes decreases as the maximum energy of the 
beta radiation increases. Webb^ has pointed out that the 
developability of silver bromide grains depends on the 
number of ionizing events produced within the grain by 
the passage of a single electron. Since the number of 
ionizations per micron path reaches its maximum at the 
end of the path, there is a threshold energy above which 
the ion pairs are spaced too far apart to permit the 
formation of a developable grain by a single electron 
impact. From the examination of electron tracks, Webb 
assigned a figure of SO kv for the threshold energy above 
which electron tracks did not register on Eastman NTB 
film at the time of his paper. This figure is in agreement 
with that of 50-70 kv obtained by Berriman® and of 80 
kev obtained by Herz® for NT2a plates. Since the track 
lengths that can be observed on the no-screen and Type 
M emulsions are no longer than a very few grains at 
most, even for it can be inferred that only electrons 
of less than 50 kv maximum energy will produce de¬ 
velopable grains in these films. Every electron must, of 
course, pass through a range of energies lower than 50 
kv, but not all of them will come to this range within the 
emulsion. Among the elements examined, with a 
maximum range^® of 27.9 mg/cm® (compared to emul¬ 
sion thicknesses of 6 mg/cm® for the first emulsion on 
no-screen x-ray, and 2.3 mg/cm® for type M stripping 
film) should be the most effective, and this is borne out 
by the data in Table I. The effectiveness decreases with 
increasing energy of beta-radiation from through P*® 
as expected. The new electron plates described by 
Berriman^^ which are sensitive to electrons of maximum 
energy would, of course, show a different energy de¬ 
pendence. 

From the results obtained with Zn** it can be seen 
that the contribution of the gamma-ray to the exposure 
of the film is small, which is to be expected since so 
little of the energy is absorbed by the film. Qualitatively 
it would also appear that the contribution of the x-ray is 
small since the total effectiveness of this isotope is so 
low. falls nicely between Ca*® and P** as would be 
expected from the beta-ray contribution alone, again 

M. H. Webb, Phys. Rev, 74. SU (1048). 

•k. W. Bcrriman, Nature lot, 432 (1048). 

• R H. Hers, Phys. Rev. 75, 478 (1049). 

Solomon, Gould, and Anfinsen, Phys. Rev. 72,1097 (1947). 

» R. W. Berriman, Nature 162, 992 (1948). 
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indicating that the gamma-rays add relatively little to 
the photographic effect of the isotope. 

As a check on the method of calibration used in these 
experiments, the radiator used in the previous work 
was recalibrated. The results were 17 percent lower than 
the original values. This may be considered good 
agreement in view of the uncertainties in the initial 
calibration and the possibility that the radiator may 
have lost some activity either by exchange of C*Oj from 
BaC'^Os with atmospheric CO 2 , or by direct loss through 
mechanical abrasion. The no-screen and tyi)e M films 
were also remeasured to check the characteristic curves. 
For no-screen, the sensitivity values agree within 5 
percent. However, there is an absolute discrepancy in 
the two values obtained for the type M emulsion. The 
previous emulsion appears to be 1.8 times more sensitive 
at 0.6 above background than that used in the present 
series. 

It has already been shown^^ that the reciprocity law 
holds for monochromatic electron beams and x-rays, and 
so it was to be expected that it would hold for the con¬ 
tinuous beta-spectrum. In these experiments, the reci¬ 
procity law has been checked with the Zn®® radiator and 
found to hold over the total time range investigated 
from 1 to 200 hours. 

SCINTILLATION INTENSIFIERS 

In view of the low sensitivity of films to gamma- 
radiation, it seemed desirable as suggested in the earlier 
paper to determine whether fluorescent materials might 
enhance the response of the film. The following sub¬ 
stances were investigated: zinc sulfide, calcium tung¬ 
state, fluorescein, anthracene, and naphthalene. In the 
early phases of our work we did not have available clear 
crystals of these substances, and so were limited to use 
of amorphous preparations. Solutions of these were 
made in dilute celloidin and spread uniformly on a glass 
slide as support. The resulting smooth sheet was used as 
a backing for the film during exposure. Calcium tung¬ 
state was used in the form of a standard commercial 
x-ray intensifying screen. Back-scattering from metallic 
lead strip was also investigated. None of these prepara¬ 
tions gave detectable intensification. More recently we 
have used large clear naphthalene crystals and find that 
these give quite striking intensification. 


»A. Charlwby, Proc. Phys. Soc. London 52, 657 (1940). 
R. H. Morgan, Radiology 42, 471 (1944). 


USE OF DATA IN RADIOAUTOGRAPHY 

The data presented find application both in assay of 
unknown sources and, reciprocally, in calculation of ex¬ 
posure time for preparations of known activity. In suclw 
quantitative applications, rigorous controls must be 
exercised in handling of films and in processing. For 
purposes of calibration at the beginning of a study, it is 
necessary to expose a radiator or other standard source 
to the film to be used. To eliminate variables in process¬ 
ing and emulsion characteristics, a set of calibrated 
sources must be exposed along with the unknown and 
the films developed under uniform conditions. 

The autographic method permits assay of the activity 
of each small area over the entire preparation simultane¬ 
ously. If it is desired to evaluate the radiation delivered 
to the film by particular microscopic structures, a 
microdensitometer may be used. If the definition is fine 
enough, actual grain counts may be made under the 
microscope and compared with the series of standard 
reference exposures. 

If it is desired to use the counter data directly to pre¬ 
dict optimum exposure times, the chaiacteristic curves 
given in Figs. 2-4, or the sensitivity values in Tables I 
and III may be used provided the source of radiation is 
approximately uniform. 

The relation between the sensitivity of no-screen x-ray 
film and type M stripping film provides a most useful 
index in estimating the exf>osure time required, par¬ 
ticularly for non-uniform sources. It is our practice to 
put up each series of biological sections against both 
type M and no-screen x-ray film. The first test exposure 
to no-screen is developed at a time calculated to be less 
than that required for optimum image. Two or more 
additional test preparations are then taken off and de¬ 
veloped until the optimum value for no-screen exposure 
is determined. From this value the time required for 
optimum exposure to the type M film may be computed. 
This procedure is particularly advantageous since the 
stripping film technique used to obtain high resolution 
autographs with the type M film involves a number of 
laborious operations, whereas the no-screen exposures 
can be made quite simply. 
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Two types of inductance apparatus have been applied to the measurement of the susceptibility of 
diamagnetic compounds. With an alternating current apparatus, an accuracy of 0.1 percent of the 
diamagnetic effect, Aif»0.7 -has been obtained. The time of measurement was about 8 minutes. 
Liquids could be easily measured; solids would give no difficulties. In an apparatus with varying co¬ 
efficient of inductance, the effect of a moving substance in a magnetostatic field was investigated. To 
date, its precision is a factor of 10 smaller than that obtained with the first apparatus. 


L INTRODUCTION 

I N this paper we shall describe two tyi>es of in¬ 
ductance apparatus: one operating on a.c. and 
one in which the sample moves with respect to the 
magnet. Both have been used for diamagnetic 
measurements. Detailed information can be found 
in the thesis of the author.^ 

As voltages generated in secondary coils are 
measured, we have to investigate the flux <l> thread¬ 
ing these coils. Two factors are of interest, viz., the 
flux as produced by a primary coil carrying a 



Fig. 1, Coils and cells. 


University of Indonesia, Bandung, Indonesia. 

. Afognsfir Measurements on Organic Com' 

(Nyhoff The Hague, 1947). See also J. Chem, Phys 
(to be published). 


current or by a permanent magnet, and the effect 
of the sample on this flux. In general one can write: 

where / is a ^‘filling-factor’* and the sus¬ 

ceptibility refeiring to unit volume. 

It is obvious that two methods are possible. 
One can either change the flux ^o^MqI by chang¬ 
ing the primary current /, or the filling-factor simply 
by removing the sample. Assuming in both cases 
periodic variations of frequency o), the induced 
e.m.f. becomes: 

--i«Mo/(l+/oK)*-fwVoK/2V2. (1) 

Here /o represents the case of maximum filling, V 
and I give the effective values. 

The smallest effect to be measured is 0.1 percent 
of the diamagnetic susceptibility, i.e., 0.7*10“®. As 
/o does not exceed O.S, /oA«=“3*10“‘®. This number 
emphasizes the difference between the two methods. 
In the first we have to remove the main term in 
l+foK which causes most of the disturbances. In 
the second the diamagnetic effect itself is the main 
effect. But here the change in the position of the 
sample, obtained by mechanical motion, introduces 
disturbances. 

2. AX. INDUCTANCE APPARATUS 

With this apparatus the small relative change of 
3*10“® of an induced e.m.f. has to be measured. 
In section 3 we shall see that voltage fluctuations 
of 3 • 10“® V occur so that 10 v have to be generated. 
Some disturbances, such as capacitive effects, neces¬ 
sitate the use of a low frequency, therefore, 175 
c.p.s. was chosen. This fixes the value of M^L 
Further considerations lead to the choice of a 
mutual inductance apparatus. The use of separate 
primary and secondary coils offers freedom in the 
conMruction. Moreover, the main part of the in¬ 
duced e.m.f, is compensated for by applying two 
oppositely connected secondary coils. 

The calculation of the coefficient of mutual in¬ 
ductance yields 

( 2 ) 
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Here n is the number of primary turns per meter, 
Ni is the total number of secondary turns, 5, is 
the cross section of the secondary coil, and /xo, the 
permeability in vacuum. Capacitive effects lead to 
the use of small coils (M«0.25 mh), and primary 
currents as high as 50 amp. 

It is important to watch the filling-factor. An 
estimate leads to/o“(l—a)r, where a is the de- 
magnetizing-factor and r the relative amount of 
volume inside the secondary coil taken in by the 
sample. We were able to obtain /o = 0.45. 

Figure 1 shows the set of coils used. The solenoid 
P of length 0.36 m, consists of 90 turns of capillary 
wire. The two secondary coils 5+ and 5^ are com¬ 
posed of four sections of 350 turns each. By ad¬ 
justing the number of turns, the voltage difference 
between the two coils can be reduced to 10“"* of 
the main voltage. A small piece of metal M, placed 
in between the coils, reduces the voltage in phase 
with the primary current. A horizontal copper 
plate, outside the primary, cuts the induced voltage 
down to 10“® of its original size. 

The circuit diagram (Fig. 2) shows that the 
primary* current flows through two small resist¬ 
ances, a and 5, of 10^* ohm each. The voltages 
across these resistances are branched off by means 
of potentiometers. The upper part, containing a 
variable resistance r and a small resistance c, 
produces a voltage in phase with the primary cur¬ 
rent. The lower part ( onsists of an air condenser C 
of about 2000 ^Mf and a decade resistance P. The 
voltage across R : 

Fco.np=tCO‘iPC-/, (3) 

compensates for the e.m.f, in the secondary^ coil. 
Its value is correct within 10“®, at least as concerns 
voltages of the same phase and for the circuit 
elements employed. 

Both the voltage given by Eq. (3) and the first 
term in Eq. (1) are proportional to the current and 
the frequency. Therefore they cancel in the equi¬ 
librium condition: 

M+ - ilf.. (1 +/.0 = iC • P. (4) 

When a substance has to be measured, the lower 
cell is filled and placed in one of the coils. After P 
has been adjusted, the sample is brought into the 
second coil and another reading of P is taken. The 
difference of both settings then represents twice 
the effect of the sample. Hence the volume sus¬ 
ceptibility can be measured as a change of P, as 
long as b and C remain constant and M and / re¬ 
produce (see section 3b). The upper container 
serves to compensate for a large part of the dia¬ 
magnetic effect, of which the values do not -vary 
strongly. 

M the factors b, P, C, M, and/for a spherical sarn¬ 
ie were known, an absolute measurement within 2 



Fig. 2. Circuit diagram. 


percent could be performed. More precisely, the 
proportionality constant can be found from a cali¬ 
bration with a known substance. A great many 
results were obtained this way. Comparison with 
those found with a torsion balance showed agree¬ 
ment within 0.1 percent. By employing relays, most 
of the measurement is made automatic, with the 
exception that every 5 seconds a galvanometer 
reading must be taken. After that, the sample 
moves and a part of P is short-circuited. P consists 
of two resistances in series, one to adjust the zero 
point and one to measure the effect. A measurement 
takes 8 minutes, filling included. Nine cc of sub¬ 
stance are required. 

Some of the auxiliary apparatus is indicated in 
Fig. 2. An PC generator supplies a signal of con¬ 
stant frequency and small distortion to the energy 
amplifier which has an output of 200 w. The com¬ 
mon point of the primary and secondary circuit 
has to be grounded. This necessitates the use of an 
input transformer which also reduces the effect of 
the amplifier noise. A twin-T network limits the 
band width to 1 c.p.s. 

A galvanometer, whose field coils are supplied 
with a.c., is used as null-instrument. The galva¬ 
nometer gets a deflection when a phase relation be¬ 
tween field and measuring current exists. The band 
wddth is 3 c.p.s,; the scale is linear. Two galva¬ 
nometers are used: one in phase with the e.m.f. and 
one 90 degrees out of phase. The phase is adjusted 
by utilizing the phase change, ot'curring in the 
filters employed, near their resonance |X)int. 

3. DISTURBING EFFECTS 

(a.) Because the apparatus is based upon the 
measurement of an e.m.f., the voltage fluctuations 
occurring in resistors and amplifier tubes limit the 
precision. These voltages are of the order of 3- lO*”® 
V. This value was also imposed as a limit for other 
disturbances. 

(b.) According to Eqs. (1) and (2), V depends 
upon geometrical conditions like S and /. In con¬ 
nection with the expansion of the surface of the 
copper coil, a temperature constancy of in 
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the time between two readings is necessary. With a 
swift oil stream and a regularly moving sample, 
this can be achieved. 

By adding some turns at the end of the primary 
coil, the inhomogeneity of the field has been re¬ 
duced to a relative change of 10“^ per mm. A dis¬ 
placement of the secondary coil of 0.3 m is allowed. 
The value of / remains constant within 0.1 percent 
if the sample does not move more than 1 mm from 
a central position. 

(c.) The proportionality between the e.m.f. and 
the primary current is important in connection 
with the required constancy of the latter. Observd:- 
tion showed that a doubling of the current changed 



Fig. 3. Apparatus with varying: inductance. 

the adjustment by an amount equal to twice the 
diamagnetic effect. By shunting the coil it was 
easily found that the supply circuit accounted for 
no more than two percent of this effect. 

An important part of the non-linearities is due to 
eddy currents in the coil. The magnetic field gener¬ 
ates currents in the copper wires which may pro¬ 
duce an extra field as large as 0.1 percent of the 
original. This places a limit upon the size of the 
wires. Furthermore, for the reproduction of this 
extra field it is necessary to control the specific 
resistance of the metal, and hence, the local tem¬ 
perature of the wire within 10“^®C. As the heating 
of the coil is proportional to IHy we can expect a 
non-linearity depending upon Oil cooling of the 
secondary suppresses this effect. 

An instantaneous non-linear effect is caused by 
ferro-magnetic impurities. An amount of iron of 
4-10"® g gives a change of 0.1 percent of the dia¬ 
magnetic effect. The non-linearity is about one- 
tenth of this. Any impurities present in the copper 
coils can be compensated by the addition of a 
piece of iron. The samples are freed from iron by 
pouring them through a funnel in a magnetic field. 

(d.) Both the applied voltage across the primary 
and the induced e.m.f. in the secondary coil lead 
to the appearance of capacitive effects. In order to 
keep these small, one has to use coils of small im¬ 
pedance. As all effects increase with the square of 
the frequency, this h^ to be kept low. The effect 
of the self-capacitance can be studied by assuming 


a condenser Ct to be placed across each of the sec¬ 
ondary coils. If the generated e.m.f. is Fo, then the 
change of the voltage due to the self-capacitance is: 

w2Fo(v/vo)^ (5) 

Here Z, is the impedance of one secondary coil, vo its 
natural frequency. The factor 2 takes care of the 
fact that, in our apparatus, the resistance part of 
the impedance is of the same order of magnitude as 
the inductive part. As is 160 kc.p.s., the voltage 
represented by Eq. (5) corres|X)nds to 0.3 of the 
diamagnetic effect. Although the coils compensate 
each other to some extent, still the frequency has 
to be kept constant within some tenths of one per¬ 
cent. Cm is kept low by layer-spacing and by dividing 
the coil into sections; it proves to be 18 
The phenomenon of mutual inductance can be 
represented by two condensers connecting the 
center point ot the primary with the center points 
of the secondary coils. If Zp is the impedance of 
the primary coil, one finds a voltage variation of: 

Vr.ni^i<^I^C^ZpZ.^Vo^P^NMNpSp^f{rp/r.^ ( 6 ) 

This has the same order of mj^nitude as the dia¬ 
magnetic effect. A small number of turns is prefer¬ 
able. The geometrical factor is a minimum when 
fp/r, is somewhat larger than two. Cm is 12 

Moisture on the quartz container causes large 
dielectric losses. A single touch of the fingers can 
alter the effect by one tenth. However, a thin tin 
foil, placed between coil and container, eliminates 
this entirely. Furthermore, the dielectric proper¬ 
ties of the substance then cannot affect the meas¬ 
urement. 

4. INDUCTANCE APPARATUS WITH 
MOVING SAMPLE 

This type of instrument, based upon the second 
term in Eq. (1), seems not yet to have been used 
for the purpose of susceptibility measurement. A 
static magnetic field is applied so that an iron core, 
which increases the flux considerably can be used. 
In the a.c. apparatus, the flux variations in the 
neighborhood of a substance were observed by 
means of a tightly fitting coil. Because of the mo¬ 
tion of the sample this is not possible here, but, 
due to the iron core, the substance is able to pro¬ 
duce an overall change in the flux which can be 
observed somewhat farther away in the circuit. 
There is a maximum flux variation when the **mag- 
netic resistance" of the sample equals that of the 
rest of the magnetic circuit, hence,/o=* 0.5. 

By using several samples or several magnetic 
poles, the flux pulses can be made to follow each 
other in a more or less periodic way. They have to 
be spaced carefully so that the fundamental ob¬ 
tains a maximum amplitude. If there are several 
poles^ it is advantageous to connect neighboring 
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secondary coils oppositely. This improves the shape 
of the voltage curve and reduces the effect of cur¬ 
rent variations in case an electromagnet is used. 

The frequency w, occurring in Kq. (1), depends 
upon the number of revolutions per second r of the 
rotating part (either sample or magnet), the num¬ 
ber of samples and the number of poles. Sub¬ 
stituting this in the formula and combining the 
last factor with we get: 

millivolts. (7) 

Assuming that a three-phase motor is used so that 
r —25, and by substituting/ ok==— 3 • 10”®, the last 
member of the equation is found. 

In our first apparatus we used a small electro¬ 
magnet (Fig. 3). The circumference of a circular 
disk, containing 16 samples, moves through the 
air gap. As there is no likelihood here of capacitive 
or temperature effects, large coils can be used. 


Eddy currents in moving metal, and vibrations of 
the coil give the main contribution to the voltage 
disturbance. This disturbance was about 10"® v 
which is far larger than the usual noise effects. The 
flux proved to be 1 vsec., while an e.m.f. of 2 mv 
was observed. This is in agreement with Eq. (7). 
The accuracy was of the order of 1 percent. 

An alternative apparatus, using the principle of 
a rotating field and stationary sample, also was 
built. The flux was smaller here than in the previous 
case as was the accuracy. The advantages of this 
type of apparatus lie in its adaptability to the 
measurement of temperature effects and the ready 
exchange of samples. 

This work has been i>erformed in the laboratory 
for Technical Physics under the supervision of the 
late Professor E. C. Wiersma. Fhe discussions with 
Professor P. van der Leeden were of great as¬ 
sistance. 
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The theory and operation of a simple tachometer are described, in which a direct electrical e.m.f. is gener¬ 
ated by attaching a magnet to the rotating member. It is shown how the position and orientation of the 
magnet affect the magnitude of the generated e.m.f., and suggestions are made for further increasing the 
e.m.f. generated per rate of revolution. 


INTRODUCTION 

I ^HIS paper describes a tachometer which translates 

^ revolutions per second immediately into a direct 
electrical voltage. As the relationship between these two 
quantities is linear, and as the instrument is very simple 
and easy to make, it seems worthwhile to describe its 
theory and operation in some detail, in the hope that 
it will be useful. 

THEORY 

In order to understand the principle of operation, 
consider first a single turn of wire, in which is connected 
a galvanometer, and imagine passing a bar magnet 
repeatedly through this circuit at a regular rate, so that 
the path of the magnet links the circuit n times per 
second. In such a circuit an alternating e.m.f. will be 
generated but, as is well known, no direct voltage will 
appear. Hence the galvanometer, in so far as it is only 
sensitive to direct current, will not deflect. 

However, suppose now that a part {AA^ in Fig. 4) of 
this umple electrical circuit in the neighborhood of the 
\nS) is a rotatmg shaft, to which the magnet is 
attached by means of a non-conductor, so that 


the section AA^ and the magnet rotate together as a 
single piece about the axis of AA\ while brushes CC 
l)reserve the continuity of the electrical circuit. One 



Fio. 1. A schematic diamm of the circuit. The magnet HS is 
rigidly attached to the rfuUt AA^ by an insulator (not shown), so 
that NS and AA* rotate together, while the rest of the circuit 
remains stationary. 
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would now expect the generated e.m.f. to differ from the 
e.m.f. appearing in the entirely stationary circuit con¬ 
sidered in the preceding paragraph. This is because 
there is now no movement of the magnetic field with 
respect to the shaft AA\ since both rotate together. 
Therefore, no e.m.f. should be generated in that part of 
the circuit lying between the points CC'. Looked at 
another way, the section CC' is, for the action of the 
magnetic field, a gap in the circuit, though it is not a gap 
for the electric current. 

It turns out that, for the arrangement shown in 
Fig. 1, a direct e.m.f, is generated. We shall show below 
how the magnitude of this direct e.m.f. may be cal¬ 
culated. 

As no direct voltage appears if the whole electrical 
circuit including the section CC' is stationary, let us, 
therefore, calculate for such a stationary circuit the DC 
contribution to the total e.m.f. made by just the section 
CC' alone. This e.m.f., Edc^ will have the magnitude of 
the direct e.m.f. appearing in the circuit of Fig. 1. This is 
because this calculation will give the amount of direct 
e.m.f. lacking from the circuit of Fig. 1, where the 
magnet NS and the section A A' rotate together. 

In making this calculation imagine the magnetic field 
to be stationary, and a thin wire joining the points CC' 
to rotate about the axis of generating thereby a 
cylindrical surface. Such an arrangement is shown in 
Fig. 2. The length of the magnet, which lies close to the 
cylinder, is comparable with the diameter 2R of the 
cylinder. Therefore, it is unwise to use the usual ap¬ 
proximation for the field of a dipole, which is valid only 
at distances large compared with the dipwle's length. 
Rather, we shall imagine the magnet to contain equal 
centers of north and south polarity, of strengths +m 
and — w, situated distances djv and bs, respectively, 


alKJve the top of the cylinder, and we shall calculate the 
magnetic intensity B at point P for each pole sepa¬ 
rately, using the inverse square law. From this we shall 
be able to calculate the e.m.f., £(f), generated in CC' due 
to its movement across the radial component of B, 
which is normal to the motion of CC', and from E{l) we 
shall find Edc* 

In Fig. 2 a geometrical construction for the north pole 
.V is shown. An exactly similar construction applies to 
the south pole 5. Using for convenience the electromag¬ 
netic system of units the field strength at point P due 
so\e\y to -t-w is 

Bs-fn/f'^ (1) 

where 

and f* ^ ^ 

p^^^u{2R-u) J 

The meaning of the various symbols may be seen in 
Fig. 2. Combining Eqs. (1) and (2), 

w 

Bx^ -. i^} 

2H{hsA~ R ) 

The radial comtx>nent of Bx at point P may be shown 
to be 

mi bx(R'—u)-’ Ru 

R\[bx'^+x^+2u(bxA-R)yi 

where a magnetic field pointing toward the axis is 
taken as positive. Consequently, the radial component 
of B at point P due to the combined effect of both the 
north and south poles of the magnet is 


w( hx{R-‘u) — Ru hs{R-’U) — Ri^ 

-----(4) 

R\lbx^^x^+2u{bx+R)y lbs^+x^+2u{b,s+R)y\ 

If, now, we apply Faraday’s Law to an element dx of the line CC', and make use of the fact that cosw/, 

(where w- 2irn is the angular frequency of rotation of CC') we see that the e.m.f. generated in x is 


E(l) = mR(ji) 


Equation (5) may be readily integrated.* For the .special case of |xi| = Irral -xo, which is of most interest to us, we 
find that 


{bN-{-R) coswi —i? 

(bs’^R) cosw/— 

[6iv»+ *’+ 2;?(6.v+/?) (1 - cos«/)]» 

2/?(6a+ /?)(!- coaw/)]‘ 


E{t) ~ 4irmnRxi) 


R—{bN+R)coso)l 

\ “"Coscof) j d"2i?) (1 cosw^ 

if — COSW/ 

{ bs^+ 2R(b3+R) (1 “ coswi )} ^fx^Vb7¥2R(bs+m^ - cosu)f) - 


^-ArmnRxofit) (6) 


fo** instance, A Short Table of IfUegrals, B. O. Peirce (Ginn and Company, New York, Third Revised Edition), p. 21, ittte ral 
JNo, loo. 
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As we are interested only in the DC term, Edc, we must 
now find the average value of/(<) between ut-Q and 2v. 
What we seek, in fact, is the constant term of the 
Fourier expansion of Eq. (6), which is 

^2ir/a) 

£«r;-(w/2ir) I E{t)dt, {!) 

However, the expression for/(/) in Eq. (6) seems to be 
hard to integrate, and so a numerical method of integra¬ 
tion has been used for evaluating Eq. (7). As/(/) is an 
even function, it is only necessary to integrate from 
co/=0 to r; eleven values of wi were used in this interval 
in carrying out most of the integrations. Values of Ebc, 
calculated by the method described above, will be com¬ 
pared under Results below with some experimentally 
determined values. We shall now describe the experi¬ 
mental arrangements and explain how the observations 
were made. 

EXPERIMENTAL ARRANGEMENTS 

A small Alnico bar magnet 4.4-cm long having a 
roughly circular cross section of about 0.5-cm diameter 



Fig. 2. The section CC of Fig. 1 is shown with the geometrical 
construction used in the calculations. 

was used. This magnet had a magnetic moment of 443 
c.m.u. as measured on a Hibbert Balance. The centers of 
magnetism, N and 5, were located by sprinkling iron 
filings and were found to be each 0.3 cm from the ends 
of the magnet. Hence the pole strength m — rfc 117 e.m.u. 
This magnet was inserted into a Bakelite holder, which 
was in turn attached by a set screw to a copper rod, 
which could be rotated. 

For most of the measurements the apparatus was 
rotated by a 1/75 hp, 1800 r.p.m., 60-cycle synchronous 
motor, but when a variable speed of rotation was needed 
a 0.009 hp, 100 volt, DC motor was substituted for it, 
and the rotations per minute were counted with a small 
Veeder counter. The apparatus may be seen in Fig. 3, 
which shows a brass counterweight, used for approxi¬ 
mately balancing the inertial effect of the magnet, and 
the brushes corresponding to the contacts CC mentioned 
earlier. The brushes, which were kept lubricated with 
light machine oil, surrounded the copper rod and could 
be moved parallel with its axis. They consisted of 
crimped phosphor-bronze strip 1-mm wide. It was found 
advisable to use for the brushes a metal having a low 
thermo-electric voltage against copper. For some of the 



Fig. 3. A photograph of the apparatus. The magnet (Ijelow) is 
attached to the copper shaft, jR»«0.92 cm, by means of a Bakelite 
holder, to which is attached a brass counterweight (above) for 
giving approximate dynamical balance during rotation. Two 
crimped phosphor-bronze brushes surround the copper rod, sym¬ 
metrically spaced on either side of the magnet, about J-inch apart. 


measurements copper point contacts, closely resembling 
those shown schematically in Fig. 1, were used; no 
difference in the observed values of Edc was found for 
these two different methods of making contact with the 
rotating rod. Possibly carbon brushes would also serve. 
At times the brushes made erratic contact, resulting in 
an unsteady deflection of the galvanometer. 

In order to measure the voltage, the contacts or 

^oc 

JmtwovOtTS* 



Fig. 4. A plot of Euc against Xq for e.m,u., n*30 

rev./aec., if “0.92 cm. The solid circles and curve (•—•) are the 
experimental values. The hollow circles (OO) are the values 
calculated using fts-O.SO cm and 6Ar«3.80 cm. The crosses (XX) 
show three points recalculated using 6g“0.4() cm, with no other 
changes. 
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brushes were directly connected to a d’Arsonval galva¬ 
nometer having a sensitivity of 6.34 tiv/cm, which later 
changed to 3.80 Mv/cm, at a scale ditsance of 93 cm, and 
the deflections of the galvanometer were recorded. In 
every case a deflection on each side of zero was taken, by 



Fio. Sa. The axis of the magnet is now parallel with the axis of 
AA\ The distance a is the horizontal s^aration of the center of the 
nmgnet NS from the center of the gan CC\ Edc is taken as positive 
when the direction of rotation and tW distance a are as shown. 

reversing the direction of rotation of the shaft, and the 
mean of the two deflections was used. 

RESULTS 

Figure 4 shows the observed e.m.f. as the distance xo is 
varied, where 2x<i equals the separation CC' of the 
brushes, symmetrically placed with respect to the 
magnet' Points calculated from the theory are also 
shown, some using the value of bs-0,3 cm and others 
assuming a value of i>5=0.4 cm. The latter points are 
included in order to show how sensitively the calculated 



vAlue of depends on the portion of the magnet. The 
calculated values, depending on the numerical integra¬ 
tion of /(/), involve the subtraction of two areas whose 
difference is sometimes relatively small. Hence the 
calculated points do not lie on as smooth a curve as 
might be expected. However, the agreement between 
the observed and calculated values is reasonably close. 
Although Edc increases as Xo decreases, as shown in 
Fig. 4, reference to Eq. (6) shows that as Xq approaches 
zero, E(t) also approaches zero, and so Edc should 
approach zero for very small values of xa. Therefore, 
Edc should pass through a maximum as xo goes from 
zero to 0.5 cm. The experimental arrangements did not 
permit this to be detected. 

Figure 5a shows a different orientation of the magnet, 
which is now parallel to, rather than normal to, the axis 
of rotation, and Fig. 5b shows the observed and calcu¬ 
lated e.m.f.s, Edc, for different positions of the magnet 
along the line of its axis. In order to make these calcula¬ 
tions, Eq. (5) is integrated with the limits shown, rather 
than from —xo to xo, and this leads to an equation 
differing slightly from Eq. (6). 

Figure 6 shows the result of moving the magnet (now 
again in the orientation of Fig. 3) to different radial 
positions. Observations are shown for shafts of three 
different radii, i?«0.63, 1.25 and 1.90 cm. In order to 
have values of bs less than +0.3 cm, a hole was drilled 
in each copper shaft, into which the magnet could be 
pushed when required. The presence of these holes was 
found experimentally to make no noticeable difference 
in Edc when the magnet was entirely outside the shaft. 
Notice in Fig. 6 that near bs=^0 there is no change in the 
sign of Edc- A change in sign would be expected from 
the simple dipole picture used in formulating the theory 
because, for the simple dipole, the magnetic field in the 
interior of the magnet would be directed from north to 
south. In fact, of course, B is continuous, and so the 
vector of magnetic induction inside the magnet points 
from south to north. Hence, when one of the poles is 
inside the shaft, and w/ is in the neighborhood of 0, E(t) 
will have a different sign from that given by Eq. (6) 
and a larger magnitude, since roughly the total flux of 
the magnet, directed from south to north, cuts CC' 
when (at is close to 0, 2ir, 4ir, etc. Equation {6) is validf 
therefore, only when both poles of the magnet are outside 
the rotating shaft. When one pole is inside the shaft, the 
actual Edc may be roughly calculated by taking the 
value computed from Eqs. (6) and (7) and subtracting 
it from the e.m.f. generated by the total flux of induction 
issuing from the magnet and cutting CC. 

It will be noticed in Fig. 6 that Edc is greatest when, 
roughly, and that Edc increases as R in¬ 

creases. Referring to Eq. (6) one can see that £(0? and 
consequently Eoc, approaches zero as R approaches 
zero. 

A plot of Edc against n for a particular geometry, 
illustrating the linearity of the device, is omitted for 
reasons of space. 
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REMARKS 

There are several points to mention. 

The e.m.f. Edc reverses, of course, when either the 
direction of rotation is changed or the magnet is attached 
to the shaft the other way around. However, changes in 
the geometry of the circuit on the galvanometer side of 
CC produce no noticeable effect on Eocu ^en when the 
circuit is deformed quite close to C or C', For instance, 
when insulating spacers were introduced between the 
crimped brushes and the shaft, so that the brushes made 
contact with A A* over only a small part of a circle, no 
change in £oc was observed. 

Edc is small. This is a disadvantage, since a relatively 
delicate current-measuring device like a galvanometer is 
needed in order to measure speeds of rotation with this 
instrument. However, the magnitude of the generated 
voltage might be increased in a number of ways. For 
instance, one might insulate the shaft for those values of 
ti>/ where/(/) is positive. Or, better, there seems to be no 
reason why a factor of 10 or so might not be gained by 
increasing both the strength and the number of the 
magnets, and these could be arranged to give dynamical 
balance to the rotating parts. Or one might use a radially 
magnetized disk in place of individual magnets. One 
could also increase the number of magnetic gaps in the 
circuit, though no obvious way of doing this without the 
disadvantage of also increasing the number of brushes 
suggests itself. Another way of increasing Edc would be 
to pass the generated current through a coil wound 
around the magnet, in order to increase the total mag¬ 
netic flux, though possibly not very much would be 
gained in this way, and Edc would no longer be linear 
with n. 

In this connection, if a large current were to pass 
between CC one would expect an appreciable reaction 
between it and the field of the magnet, of such a nature 
that the lines of flow of the electric charge would be 
curved. No net torque on the shaft, however, would be 
observed, for the magnet is rigidly attached to it. 

If one thinks of the device of this paper as a generator, 
the corresponding motor effect has been observed by the 
writer. For instance, if a magnet is attached to the upper 
part of a stainless steel cup floating in mercury freshly 
cleaned,* and if electrical contact is made through mer¬ 
cury both where the current enters and leaves the float, 
in order to reduce friction, the cup will rotate. Using the 
magnet described above, a cup of S-cm diameter rotated 
at the rate of about 4 seconds per revolution when 30 
amperes DC passed through it. If the entrance and de¬ 
parture of the current is restricted to the axis of rotation 
of the cup, no complete rotation is observed, which 

* By passing It through a Alter paper containing a pin hole. 
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Fig. 6. Experimental values for shafts of three diameters. The 
magnet, oriented as in Fig. 3 with the north pole pointing out, was 
moved to different radial distances from axis of A A*. A hole was 
drilled through a diameter of ^4^4', to permit the south pole of the 
magnet to be moved into tjhe shaft. In each curve a maximum 
occurs when bs roughly equals Here m^Wl e.m u., n»30 
rev./sec., xo»=1.05 cm. 

corresponds with the fact noted at the end of Results 
above that, as R approaches zero, Edc approaches zero. 

CONCLUSIONS 

A simple tachometer has been investigated which has 
the advantage of generating in a very simple manner a 
direct voltage which is linearly related to the rate of 
rotation. The chief disadvantage is that the magnitude 
of the voltage is small. Possibly this may be increased by 
means suggested above or in some other way. 
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Wet Biilb Temperatures without a Wick* 
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It is desired to determine the feasibility of measuring wet bulb temperatures without a wick. The sensing 
element is a thermistor bead of small mass and rapid response, which, when dipped into distilled water, re¬ 
tains water in sufficient quantity to register a w*cl bulb temperature when exi^osed to the air. The experi¬ 
mental apparatus and procedures are described in detail, and the data presented. It is concluded that 
wick less wet bulb measurements arc feasible, with an accuracy of the order of 


L INTRODUCTION 

D uring the course of taking low level meleoro> 
logical measurements along radio paths in con¬ 
nection with microwave propagation studies at this 
laboratory, it was discovered that the measurement of 
wet bulb temperatures was complicated by the fact that 
the rod-shai)ed thermistors* used in this work were not 
ideally suited to the use of wicking because of their small 
size and the presence of the lead wires. Moreover, the 
accumulation of dirt on the wick made frequent changes 
of the wicking necessary, a delicate task which some¬ 
times resulted in damage to the plastic insulating sheath 
on the thermistor. These wicking difficulties prompted 
the search for a scheme which would eliminate them. 

Professor Athelstan F. Spilhaus, Dean of the Institute 
of Technology, University of Minnesota, suggested some 



Fig. 1. Schematic drawing of the test instrument. A. Aeration 
tube. B. Thermistor carriage, actuated by 6-volt relay through 
system of levers. C. Brass rods on which thermistor carriage rides. 
D. Flexible leads to amplifier. E. Wire loop and plastic around 
thermistor bead, the whole unit composing the;wickless wet bulb. 
F. Blower. G. Wickless wet bulb in dipping position. H. Distilled 
water reservoir. J. Water level gauge. Arrows show direction of air 
flow. 


•This research was sponsored by the ONR under Contract 
N6onr-266, T. 0. II. 

^ Solid semi-conductors which have a large negative temperature 
coefficient of resistance. The thermistor is composed of a combina¬ 
tion of metallic oxides which are milled, mixed, formed, and fired, 
producing a hard ceramic-like structure. The diameter of the rod¬ 
shaped thermistors currently in use is about 0,05 inch, and their 
effective length (between leads) about 0,5 inch. Thermistor litera¬ 
ture is not extensive. One of the most comprehensive articles is the 
following: Becker, Green, and Pearson, Properties and uses of 
tibcrmistors‘--*therinaUy sensitive resistors, Electrical Engineering 
65,711-725 (1946). 


time ago that the wick difficulties could probably be 
eliminated by eliminating the wick itself, using insulated 
thermistors of small mass and consequently rapid re¬ 
sponse. Mr. William E. Gordon,^ Associate Director of 
the Electrical Engineering Research Laboratory at The 
University of Texas, recognized the possibilities in such 
a .scheme, and organized some preliminary studies with 
a non-wicked bead thermistor. These studies seemed to 
indicate that the wet bulb process was being ap¬ 
proximated. 

The principle of the method is to use a thermistor of 
small mass, which is coated with an electrically insu¬ 
lating material, dipped into distilled water, and then 
exfjosed to an airstream whose wet bulb temperature is 
to be measured. Evaporational cooling lowers the tem¬ 
perature of the element and increases its resistance. This 
change in resistance can be measured by means of a 
bridge circuit, and a calibration of temperature versus 
resistance for the thermistor will translate recorder 
readings into temi)eratures. 

n. EXPERIMENTAL WORK 

L Method of Attack 

In order to test the feasibility of wickless wet bulb 
measurements, the following method of attack was 
devised. For a given wet bulb temperature, obtain indi¬ 
cations of the instrument for different values of the rate 
of air flow past the thermistor (aeration speed). From 
these, determine the optimum aeration speed range. 
Next, for a given wet bulb temfxirature and optimum 
aeration speed, obtain indications of the instrument 
with time. From these data, determine the optimum 
time of exposure to the airstream (dipping rate), and the 
lag coefficient of the instrument. Finally, for the opti¬ 
mum aeration speed and dipping rate, plot indications 
of the instrument against wet bulb temperatures deter¬ 
mined with an aspirated psychrometer, to determine 
whether or not wet bulb temperatures are being ob¬ 
tained, and the degree of accuracy of the measurements. 

2. Description of the Test Instrument 

A sample of air is drawn through the aeration tube 
(Figs. 1 and 2) by means of an exhaust fan and variable 

* Now Director of the Microwave Astronomy Project at Cornell 
University, Ithaca, New Yorit. 
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speed motor. This air moves past the bead thermistor 
which has previously been dipped into the distilled 
water reservoir by means of a relay which moves the 
thermistor carriage through a system of levers (Fig. 3a). 
This relay can be activated manually, or automatically 
by means of a cam on the shaft {)f a synchronous motor. 

The thermistor provides the voltage input to an 
amplifier, and variations in its resistance due to changes 
in temi>erature are recorded on an Ester line-Angus 
graphic meter model AW (0-1 milliam[>ere). The 
amplifier is composed of a conventional bridge type 
electronic voltmeter, using a 6SN7. The power supply 
utilises a full wave rectifier tulie (5Y3G), with regula¬ 
tion supplied by a pair of VR-105’s in series. 

Simultaneously, an indicating aspirated psychrometer 
is functioning and is read at short interv^als. This instru¬ 
ment consists of a laboratory thermometer, and aeration 
tube, exhaust fan, and water reservoir similar to the test 
instrument. A constant speed motor provides the opti¬ 
mum ventilation for the psychrometer which is con¬ 
tinuously wick-fed from the reservoir. The aspirated 
psychrometer and test instrument arc mounted so as to 
obtain, as nearly as possible, identical samples of air. 

The thermistor is an ex[>erimental bead type ceramic 
resistor (V-682)* made in the Bell Telephone Labora¬ 
tories. The bead itself is about 0,035 inch in diameter 
and has platinum leads about J-inch long and 0.004-inch 
in diameter running parallel and continuously through 
the bead and projecting at either end. The unw^anted 
leads were cut off. The cold resistance of this tyix; of 
thermistor at 25®C is approximately 100,000 ohms, and 
the negative temperature coefficient of resistance at 
25°C is 4.6 j)ercent per Centigrade degree. The leads 
from the thermistor pass through a glass tube and 
rubber stopper mount and are joined to the amplifier 
circuit by means of two flexible leads (Fig. 3). A double 
coating of polyisobutyl methacrylate (PBM), applied 
by dipping, covers the bead and wire loop,^ as well as the 
lower ends of the leads. 

in. PRESENTATION OF DATA 
1. Determination of Aeration Speed 

For the determination of the rate of air flow through 
the aeration tube, it was considered practicable to use a 
calibrated hot wire anemometer, and to plot aeration 
speed against aeration motor voltage to obtain a 
calibration for the aeration tube. By varying the voltage 
across the aeration motor, then, with the hot wire 
anemometer mounted at the spot later occupied by the 
bead thermistor, a calibration of aeration speed versus 
aeration motor voltage was obtained. 

•The exp^imental bead, with some modifications, is now 
designated D-177232 or D-177703, depending on the arrangement 
of the leads. Both models arc glass coated. Western Electrifc is the 
distributor. 

Jin earUer tests, the plastic did not cover the ends of the 
trimmed leads, and the wire loop became necessary to insure 
metrical insulation, 


2. Indicated Wet Bulb Temperature as a Function 
of Aeration Speed 

For a given wet bulb temperature (Tiff) which was 
nearly constant, indicated wet bulb temperatures 
for the test instrument were read for the range of 
aeration speeds from zero to 850 feet per minute. Due to 
the disk-shaped structure of the wet bulb, it was con¬ 
sidered advisable to determine such indications for 
different aspects of the thermistor in the airstream. 
These were parallel, perpendicular, and at a 45 degree 



Fig. 2. Test instrument (left) and comparison psychrometer. 

angle to the center line of the aeration tube. The results 
of these tests are plotted on the same grid of difference 
between indicated and ‘"true” wet bulb temperature 
versus aeration speed in Fig. 4. Since accuracy was not 
being investigated at this stage, zero ordinate represents 
only a uniform ambient wet bulb temperature. 

Some cooling occurs even with no aeration (water 
temperature was about 7®C higher than wet bulb), but 
even a very small air movement of 50 feet per minute 
past the sensing element produces an appreciable cooling 
due to convection at the wet bulb surface. As aeration 
sj3eed increases, the indicated wet bulb temperature ap¬ 
proaches the ambient wet bulb temperature until further 
increases in aeration speed remove water from the wet 
bulb and reduce the effective cooling. The optimum 
range is sufficiently large to justify the use of aeration 
motor voltage as a calibration parameter. It appears 
that a perpendicular aspect is least desirable, since the 
separation between indicated and true wet bulbs is 
largest, even at optimum aeration. From considerations 
of fluid flow, the parallel aspect should provide optimum 
ventilation of the bead, with evaporation from both 
faces proceeding equally rapidly. This is borne out by 
the lower curve in Fig. 4 which shows the nearest 
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Fig. 3. a. Close-up of dipping mechanism, b. Bead thermistor 
and support. 

approach to ambient wet bulb temperature at a slightly 
higher optimum aeration speed than the other two 


aspects. It was concluded as a result of these tests that 
the thermistor should be mounted parallel to the air- 
stream for subsequent measurements, and that an 
aeration speed of approximately 670 feet per minute 
would give the best results.^ 

3. Dipping Rate 

An examination of some of the records showed that 
an equilibrium temperature in water was reached in a 
period of the order of 5 seconds and that a wet bulb 
temperature was indicated in a period of the order of 15 
seconds. Since a cam and 1 r.p.m. synchronous motor 
combination were to operate the dipping relay, a dipping 
rate of 10 seconds in water and 20 seconds in air was 
chosen, giving two wet bulb temperatures per minute 
(Fig. 5). Individual readings of indicated wet bulb tem- 
l>erature are quite reliable, where in spite of large 
variations in water temperature, a nearly constant Twi 
is indicated on the record. 

It is worthy of note that in spite of the rapidity of 
evaf>oration of water from the sensing element, wet bulb 
temperature is reached and indicated for periods of the 
order of 2 or 3 minutes with only one dipping of the 
thermistor. In Fig. 6a, the test instrument indicated a 
temperature within 0.2°C of the first indicated wet bulb 
temperature for approximately 2 minutes; in Fig. 6b, 
this time was increased to 2\ minutes.® Longer exposure 
of the sensing element in the airstream produces a 
greater variation in the readings, probably because 
evaiK>ration becomes unequal from the two faces of the 
sensing element. In general, the duration of indicated 
wet bulb temperature was found to be long when the 
spread between dry bulb and wet bulb temperature was 
small, and short when the spread was large. A functional 
relation between these variables was not determined. 

4. Lag Coefficient 

One result expected of this method of measuring wet 
bulb temperatures was that the speed of response would 
be rapid. Since the lag coefficient is a measure of this 
response, the lag of the bead thermistor used to measure 
wet bulb temperature was investigated. Lag coefficient 
theory is discussed elsewhere.^-® 

In this study, the initial temperature To is that of the 
water in the reservoir and the ambient temperature is 
that of the wet bulb. Temperatures T t are read at one- 
second intervals beginning with The method used 
in determining the lag coefficient was to average Tt— Tw 
for several minutes, and plot log{Tt-Tw)/iTo--TJ) 
versus time in seconds. The slope of the resulting 
— 1 ' ■ ■. 

• Aeration speed for a conventional wicked mercurial psychroine- 
ter is of the order of 1000 feet per minute. 

•A more recent record showed wet bulb temperature within 
0.2“C for ^ minutes. 

^ W, E. K. Middleton, MrUorological InstrummU (University of 
Toronto Press. Toronto, IM2). 

® A. F. Spilhaus, ^'A study of the an>iradon psychrometer/' 
Trans. Roy. Soc. South Africa 24, 185»2& (1936). 
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Fig. 4, Indicated wet bulb temperature as a function of 
aeration speed. 


straight line multiplied by 2.3 is the negative reciprocal 
of the lag coefficient, and the y-intercept is unity. A set 
of such data is plotted in Fig. 7, with a resulting lag 
coefficient of 2.7 seconds. Since the lag coefficient of a 
mercurial psychrometer is of the order of 30 to 50 
seconds, it is seen that the bead thermistor used in this 
investigation has a response of the order of 10 to 15 
times as rapid as that of a mercurial jisychrometer. 

It is interesting to observe in Fig. 7 that the plotted 
points are not all colinear. In particular, the slope of the 
curve (and therefore the lag coefficient) is changing 
rapidly in the first second, where a mean X of 6.8 seconds 
is obtained. Since the errors in the lime scale, and in 
particular, the error in the determination of the zero 
point, are of the order of 0.2 second or less, and since the 
time delay involved in returning the thermistor from the 
reservoir to the airstream is of the order of O.l second or 
less, it is concluded that the change in the lag coefficient 
with time is real. Spilhaus** has shown that the lag 
coefficient depends on the heat capacity of the wet bulb 
(including the water), atmospheric pressure, ventilation, 
and range through which indicated wet bulb tempera¬ 
ture passes. It is evident, then, that any variation in the 
lag coefficient for a given set of measurements will be 
due primarily to a change in the heat capacity of the wet 
bulb. It is concluded that the larger lag coefficient in the 
first second is due to the increased heat capacity of the 
wet bulb, occasioned by the excess of water which clings 
to the wet bulb when it is first drawn from the water. 

5. Accuracy 

Four different sequences of data, representing 

wet bulb temperatures between 14®C and 24®C were 
available for accuracy determinations. Ten sets of 
Ty, were chosen at random from each of the four 
sequences and plotted on linear coordinates of T^fi versus 
1*0, as shown in Fig. 8, The data are presented on two 
sets of axes so that an expanded scale could be used. The 
oonqmted correlation coefficient for these 40 inde¬ 


pendent p^ of measurements was found to be LOO fmd 
the slope of the line of regression to be 1.006. The root 
mean square of the residual errors® was found to be 
±0.05°C. It is evident that the 45° line drawn in Fig, 8 
represents quite well the experimental points, and that 
the accuracy of the test instrument compared to the 
aspirated mercurial psychrometer is of the order of 
zb0.0S°C. 

The comparison psychrometer had been calibrated 
previously against a laboratory standard mercurial 



(a) (b) 

Fio, 5. Sample records showing indicated wet bulb temperature 
with a dipping rate of 10 seconds in water and 20 seconds in air. 
Water tempeiaturc (a) below and (b) above wet bulb temperature. 
Time increasing upward, temperature increasing toward the right, 

»Visually estimated from a plot of T^i versus on an enlarged 
scale. 
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Fig. 6. Sam|)le records showiiig dtiration of indicated wet bulb 
temperature with one dipping of the thermistor. Time increasing 
upward and temperature increasing toward the 


thermometer, which in turn had been calibrated by the 
National Bureau of Standards. Applying the NBS 
corrections to the standard thermometer made it an 
effective temperature scale, and it is this scale (r) 
against which the comparison psychrometer readings 
(Tu,) are plotted in Fig. 8. The computed correlation 
coefficient for 8 independent pairs of T over the 
range 12®C to 24'^C was found to be l.(X), the slope to be 
1.007, and the standard error of estimate to be ±0.03®C. 
The same 45° line therefore represents the T versus Tw 
plot as well as the T^i verssus Tw plot. It is concluded 
that the accuracy of the test instrument is in the order 
of =t0.1°C, compared to a standard scale of temperature. 

The sensitivity of the test instrument varies from 9 
recorder divisions f)er degree at 0°C to 3 divisions per 
degree at 40°C. Since the recorder paper can be read to 
the nearest quarter division, the sensitivity becomes 



Fio. 7. Determination of lag coefficient: ratio of temperature 
difference at time / to initial temperature difference versus 
time. 

approximately d=0.05°C in the mean, ranging from 
about d:0.03°C to d=0.08°C. 

IV. APPLICATIONS OF THE WICKLBSS WET 
BULB DEVICE 

Applications of the principle of wickless wet bulb 
measurements or of the test instrument herein described 
are best referred to in terms of the advantages of this 
method over that of wicked thermistors. Certain wick 
difficulties have been described in the introduction to 
this paper, and it is concluded that they have been 
eliminated. Servicing of the non-wicked psychrometer 
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requires only that the reservoir be kept filled; there are 
means of maintaining a constant level of water in the 
reservoir. A certain amount of lubrication of the dipping 
mechanism is required, but in this connection it is well 
to point out that there may be ways other than dipping 
to apply water to the thermistor. It is conceivable that 
water at or near the wet bulb temperature^^ could be fed 
continually by some means to the thermistor, with a 
consequent nearly continuous record of wet bulb tem- 
})erature. With the rapid sj)eed of response of this type 
of instrument, the measurement of fluctuations in wet 
bulb temperature would be feasible. 

Even with the instrument in its present form, a re¬ 
sponse to wet bulb fluctuations has been observed, and 
if it were possible to extend the range of optimum 
aeration within certain limits of accuracy, the thermistor 
could be naturally aerated; i.e., exposed to the free air, 
without the aeration motor and fan.“ Using thermistors 
having similar characteristics for the simultaneous 
measurement of dry bulb tem|)erature would provide a 
means of measuring fluctuations in vapor pressure^^ in 
the free atmosphere at a point (or over a small volume). 
Simultaneous measurements at several levels would 
make possible a delineation of what might be termed 
micro-moisture fluctuation patterns, along the lines 
developed by Gerhardt and Gordon.**"* 
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A thermistor for use with alternating current and having a half>temperature at 300®K of 7.2®C is easily 
constructed by immersing platinum electrodes in a viscous solution of waterglass. It is three times as sensitive 
as commercial thermistors, withstands ax. potentials of more than 240 volts, and its cold resistance and 
sensitivity are easily controlled. Other electrolytic solutions have been tested, but these, although with¬ 
standing high ax. potentials, are less sensitive. 


M ethods for constructing conventional ther¬ 
mistors from heavy metal oxides are described 
by Becker and collaborators and by Grisdale and 
others,*'^ but, as pointed out by Becker et 
very close control is necessary for their manufacture. 
H. Diamond ei aLy employed sulphuric acid as a tem¬ 
perature-sensitive resistor for low temperature measure¬ 
ments in meteorological investigations.^ This work, on 
what may be termed electrolytic thermistors, was 
extended to mixtures of cuprous chloride, hydrochloric 
acid, and ethyl alcohol by D, N. Craig.® 

Wolfson states that tyi)ical thermistors have a half- 
temperature of 20°C at 300®K, that is, a temperature 
change of 20®C at 300°K will double or halve the elec¬ 
trical resistance of the element.^ Thus the smaller the 
half-temperature at 300®K, the more sensitive is the 
resistance of the thermistor to change in temperature. 
It would appear from Craig’s paper that the half- 
temperatures of his electrolytic thermistors at 303®K 
were about 28°C.® 

The present investigations were undertaken to see 
whether more sensitive electrolytic thermistors could 
be readily constructed. Systems consisting of deci- 
normal silver nitrate with silver electrodes, and decinor- 
mal cupric sulphate with copper electrodes, were found 
to be far less sensitive than conventional thermistors. 
They have, however, the advantage that very high 
alternating potentials can be maintained across them 
without irreversible reactions occurring; in the case of 
the silver-silver nitrate system, this value exceeded 800 
volts. This means that the sensitivity of the electrical 
resistance measurements can be made appreciably 

* Now with The New South Wales University of Technology, 
Sydney, N.S.W,, Australia. 

^Becker, Green, and Pearson, Trans. A.I.E.E. 65, 711 (1946); 
Bell Sys. Tech. J. 26, 170 (1947). 

*R. 0. Grisdale, U. S. Patent 2,258,646 (1941); E. F. Dear- 
borne, U. S. Patent 2,274,592 (1942); E. F. Dearbomc and G. L. 
Pearson, U. S. Patent 2,282,944 (1942), 

• H. Wolfson, reported by W. Grattidge and F. A. Vick, Nature 
162,625 (1948). 

* Diamond, Hinman, and Dunmore, Bull. Am. Meteorolog. Soc. 
18, 73 (1937); J, Inst. Aero. Sd, 4, 241 (1937); J. Research Nat. 
Bur. Stand. 20, 369 (1938). 

♦D. N. Craig, J. Research Nat. Bur. Stand. 21, 223 (1938). 


greater with them than is possible with the voltages 
recommended for conventional thermistors.® 

An attempt was next made to decrease the half¬ 
temperature of electrolytic solutions by increasing their 
viscosity. To this end 15 percent by weight of gelatine 
was dissolved in the decinormal cupric sulphate, and 
the half-temperature was then found, by extrapolation, 
to have fallen from about 62°C to about 43“C at 300°K. 

To avoid the instability of gelatine towards heat and 
electrolytes, a viscous solution of waterglass, sp. gr. 
1.38, was tried, the electrodes consisting of platinum 
wires. The half-temi>erature at 300®K was found by 
direct measurement with a.c. to be only 7.2®C. Thus 
this thermistor had three times the temperature sensi¬ 
tivity of the conventional elements. Furthermore, al¬ 
though this thermistor does not constitute a reversible 
system as was required by Craig for his purposes,® 
alternating potentials of up to at least 240 volts could 
be applied without altering its electrical characteristics 
or producing visible gas evolution. Attempts to use this 
thermistor with a d.c. bridge were unsuccessful because 
of polarization effects, even when the bridge voltage 
was kept at 1.5 volts, i.e., well below the observed 
decomposition potential of 1.8 volts. 

This waterglass thermistor has a smaller temperature 
range than most conventional solid thermistors, because 
the boiling point of the waterglass solution is only a few 
degrees above 100°C. Also, in the present designs, it 
seems to be rather slower in its response to temperature 
changes than most commercial thermistors. Over the 
latter it has the following advantages: 

(a) It has greater sensitivity due to its smaller half-tempera¬ 
ture. 

(b) Much higher potential differences may be applied to it 
than are recommend^ for commercial thermistors. 

(c) It is readily prepared at negligible cost. 

(d) Its cold resistance is easily adjusted to any deured value. 

Thermistors were also constructed using diluted 
waterglass solutions. In one case, one part by weight 
of the viscous waterglass was mixed with three parts 

• Standard Tdephoncs and Cables Ltd., London, "Thermistors,” 
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by weight of water, and it was found that the half- 
temperature at 300°K rose to 43“C, Thus not only may 
the cold resistance of a waterglass thermistor be con¬ 
trolled, but also its temperature sensitivity. 

Attention is drawn to the fact that the high sensitiyity 
of the waterglass thermistor permits the use of very 
simple electrical measuring devices in place of the more 
elaborate bridge circuits usually employed. An example 
of such a simple arrangement is described below as the 
constant current circuit. 

Fig. 1 shows the results obtained. The resistances at 
27®C have been reduced to the same arbitrary value of 
10 units. The curve for the dilute waterglass is practi¬ 
cally coincident with that for decinormal cupric sulphate 
containing 15 percent of gelatine, but the latter has 
not been explored above 60°C. 

E. F. G. Herington and R. Handley have reported 
that consistent results were not obtained when the tip 
of a conventional thermistor was dipped into mercury 
at the bottom of a thermistor well f we have noticed a 
similar inconsistency when the waterglass thermistor is 
so treated. 

EXPERIMENTAL 

The thermistors were constructed by filling thin- 
walled narrow bore glass U-tubes with the various solu¬ 
tions and inserting down each limb an electrode con¬ 
sisting of a wire of the selected metal. The cold re¬ 
sistance was adjusted by moving the wires up and down 
the limbs. In most cases the total length of the elec¬ 
trolyte column was about 2 cm. 

Each thermistor was attached to the bulb of a ther¬ 
mometer and immersed in a mechanically stirred lagged 
water-bath whose temperature was controlled by a 
heating coil and rheostat. The leads from the thermistor 
were insulated by glass or rubber tubing. Temperatures 
and resistances were allowed to become steady before 
reading. 

Resistances were measured by an a.c, bridge which was 
first balancetl for the cold resistance of the thermistor 
for capacitance as well as for resistance. A Wagner 
earth was employed. A resistance decade box was con¬ 
nected in scries with the thermistor and at all tempera- 


’ E. F. G. Herington and R. Handley, J. Sci. Inst. 25,435 (1948). 



Fig. 1 . Temperature/resistance curves: t. O.liV-AgNOi. 2.0.1 JV- 
CUSO 4 .3.0.l/V-CuSOi-l-15 percent gelatine. 4. Diluted waterglass. 
5. Conventional thermistor. 6, Waterglass sp. gr. 1.38. 

tures this was adjusted so as to re-establish the original 
balance. The resistance decrement of the thermistor 
was therefore read directly from the resistance intro¬ 
duced by the decade box. About 20 volt 50 c.p.s. alter¬ 
nating current was supplied to the bridge. The power 
dissipated in the thermistor was of the order of 10 milli¬ 
watts; had the thermistor been thermally isolated, this 
would have produced a temperature rise of about 
0.003°C i)er second. 

The constant current circuit previously mentioned as a 
simple electrical measuring device consisted in passing a 
constant alternating current through the thermistor 
and measuring the iwtential difference across it by 
means of a vacuum tube voltmeter. The current being 
constant, the V.T.V.M. readings are directly propor¬ 
tional to the resistance of the thermistor. In order to 
keep the current constant, the thermistor was connected 
in series with a swamping resistor having a resistance of 
the order of 100 times the cold resistance of the ther¬ 
mistor, and a constant voltage was applied to the 
arrangement by means of a constant voltage trans¬ 
former. 
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A screw-driven microinjection syringe capable oftlelivering volumes as small as 0.1 mm’ with statistically 
good reproducibility is described. It features interchangeable impellers mounted on a sliding way for simul¬ 
taneous availability of coarse and fine adjustment, and a mechanical positioner permitting known and re- 
prwiucible fractional revolutions of the control knob. 


1. CONSTRUCTION 


T he present instrument (Fig. 1) follows the 
Chambers^ plan of a screw-driven hypodermic 
syringe connected by flexible tubing to a metal holder 
accommodating replaceable glass capillary needles. 



Figs. 1-7. 


Fig. 1. Coi^lete aswmbly, with 1 cc tuberculin syringe and direct- 
motion drive. Fig. 5. Side elevation of direct motion drive. Figs. 3, 4, 6, 7. 
various vieMw of differential motion drive. B, l^se; BA, barrel; SL, block; 
C, CL, clamp; G, gib; H, spring clip for needle holder; IS, inner 

abaft; JB. jam Woclc: K, knob; iCr, key; Ln, lock nut; OS, outer shaft; 
PL, plunge; PT, rubl^ pressure tubing; R, rubber; RN, reUining nnt; 
S, positioning spring; SW, slotted way; F. yoke. 


^ R. Chambers and M. J. Kopac, McClung*s Handbook of 
Mtcroscopical Technique (1937). 


Ease of operation and reliability have been improved 
by substituting ureteral catheter® for the usual metal 
tubing. The syringe is clamped in a cradle (C, Figs. 1 
and 2) or held by a retaining nut Fig, 3). The 
plunger (PL), with the knobbed end cut-off, is con¬ 
nected to the threaded shaft of the drive mechanism 
by rubber pressure tubing (P7\ Figs. 1, 3, 4) which 
compensates for the slight irregularities in alignment 
in most commercial syringes. The control mounting, 
which is of brass except where otherwise noted, has the 
following major advantages over previous instruments 
of the type: 

1. Interchangeable direct-motion (Figs. 1, 5) and 
differential-motion (Figs. 3, 4, 6, 7) impellers, differ¬ 
ing 15-fold in sensitivity, are provided. The former 
imjieller has been used extensively for injecting insect 
larvae and chick embryos, transplanting insect organs, 
making measured phage platings and quantitative 
topical application of insecticides. The latter, which is 
made of steel, is useful where unusually exquisite 
control is necessary. It requires especially precise align¬ 
ment to prevent binding, since it does not rotate the 
plunger as it pushes. 

2. The entire drive mechanism for the plunger slides 
in a slotted way (51F, Figs. 1, 4) and can be locked in 
position at any point by a lock nut (LN) which activates 
a jam block (JB, Figs. 3, 5, 7). Fine control is thus 
provided by the threaded drive, while gross movement, 
as is needed in filling the instrument or in handling 
large volumes, is simultaneously available by direct 
movement of the sliding block (BL) or yoke (Y), 

3. For the direct-motion drive a series of readily 
interchangeable control wheels (K, Fig. 5) are provided, 
the. rims of which are divided by precisely-spiaced 
transverse milled grooves into various equal fractions 
of one circumference (e.g,, 8, 10, 12, 64, 100, 150). As 
the wheel is turned the grooves pass over a (removable) 
spring positioner (5, Fig. 5) which permits the expulsion 

* J. B. Buck and H. Specht, Science 106, 551 (1947). 
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of known and automatically reproducible volumes of 
liquid. A similar arrangement could readily be applied 
to the differential-motion drive. 

4. The fact that the grooves in the control wheel 
make audible clicks as they pass over the spring is 
extremely useful dui;ing continuous microscopic obser¬ 
vation, since it permits known volumes to be delivered 
without ocular supervision. 

The instrument is filled by siphoning through the 
needle-holder, air-bubbles being scrupulously excluded. 
Boiled water is the most satisfactory liquid for filling 
the system, the experimental liquid being taken up only 
in the needle. The seal between barrel and plunger is 
improved with petroleum jelly. 

n. CALIBRATION AND PERFORMANCE 

Calibrations of the direct-motion drive made gravi- 
metrically and by a new “areal” method have been 
presented.^ They indicate that delivery is linear and 
highly reproducible over the range l/KK) to 1 revolution 
of the control wheel. Coefficients of variation^ range 
from U to 2.5 f)ercent for 14 mm^ (one revolution of 
the imj>eller) and from 8 to 14 percent for 0.14 mm*. 

* Buck, Keister, and Zellc, Anal, Chim. Ada, in press. 

* These averaged four to five tinies the standarci errors of the 
means. 


These values compare favorably with those obtained 
with various microburettes, even though such reports, 
and those claiming even higher “accuracy,”^ are based 
on extrapolations from calibrations made on far larger^ 
volumes than the instruments’ claimed lower limits.* 

Additional calibrations brought out the important 
fact that at the standard delivery rate of 14 mm*/min. 
(one revolution j)er minute) the volume actually 
delivered or withdrawn is slightly but significantly 
reduced when the diameter of delivery orifice is reduced 
to 50 /a. With a SOfi orifice delivery is very markedly 
reduced even at a rate of 7 mmVmin. These anomalies, 
due to water being forced into the crevice between 
barrel and plunger, point to the need for careful check¬ 
ing of actual deliveries, particularly when using the 
minute apertures necessary in microinjeclion work. 

The delivery of the differential-motion drive mecha¬ 
nism is about 1 mmVrevolution (net piston movement 
of 1/420 inch). For lack of a sufficiently sensitive 
method the delivery performance was not calibrated 
down to its theoretical lower limit (0.01 mm*). 

Thanks are due Mr. Laurence Crisp for designing the 
differential-motion impeller. 


* Scholandcr, Edwards, and Irving, J. Biol. Chem, 148, 495 
(1945). 
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A copper cylinder was constructed and to it four layers of oak- 
tanned leather were applied. The thermal gradient through the 
leather was measured by means of thermocouples on the cylinder 
and between the layers of leather. By suitable extrapolation of 
this gradient the temperature of the outside leather surface was 
determined accurately and constituted the standard surface tem¬ 
perature to which the readings of the surface temperature meas¬ 
uring devices were compared. 

Several types of surface temperature measuring devices were 
compared and evaluated on the basis of: 

(1) accuracy as determined by agreement with the standard 
surface temperature, 

(2) adaptability to use in a variety of experimentally produced 
environmental conditions similar to naturally occurring 
environmental conditions. 

It was concluded that: 

(1) The radiometric type of skin thermometer was the most 
dependably accurate instrument of those tested, although requir¬ 
ing corrections when used in “sunlight.** 

(2) Under normal conditions, the #40 gauge bare wire thermo¬ 
couple was of the same order of accuracy as the radiometer and 
was only slightly affected by environmental changes. The accuracy 
of the coarser bare wire thermocouple was considerably more 
impaired by such changes. 

The thermocouple glued to the surface, or embedded in solder 
and taped to the surface, or mounted on copper mesh and tied 
to the surface was less accurate than the bare wire thermocouple. 
In general, increasing the effective mass of the thermocouple 


decreased the accuracy of the instrument under normal conditions 
as well as under the changed environmental conditions. 

(3) The Dermalor resistance thermometer was next in order. 
Errors were not greater than two percent under certain conditions 
but increased to four or five percent during radiation. 

(4) The errors in the disk thermistor readings ranged from 
-“1.2®C to — 1.9°C under the conditions studied. The accuracy of 
this instrument could be increased by calibration in situ against 
a radiometer. However, this would not obviate the error produced 
by infra-red radiation, for instance. This error amounted to 
-0.7**C. 

Other types of thermistors having much smaller contact surfaces 
are available and it is reasonable to expect that these instruments 
would yield readings as accurate as those of a thermocouple. 
However, they too would be subject to the errors exhibited by 
thermocouples or any other small instruments in actual contact 
with the surface. The feasibility of employing a thermistor as a 
micro-radiometer is under consideration. It presents special ad¬ 
vantages to use in this manner in that thermistors can be con¬ 
structed with a rapid respK)nse time, and as they have a high re¬ 
sistance they are particularly well adapted for electronic recording. 

(5) The Roll and Mold pyrometers were entirely unsuited to 
this measurement in the temperature range studied, showing 
errors of from 3'*C to 7®C depending upon the experimental con¬ 
ditions. 

(6) Mcrcury-in-glass thermometers were unsuited to this type of 
temperature measurement because of the long contact time re¬ 
quired which affects the temperature itself, and because of the 
marked impairment of their accuracy by environmental changes. 


INTRODUCTION 

T he importance of skin temperature in the determi¬ 
nation of heat loss from the body has long been 
recognized. An excellent discussion of the relation of skin 
temperature to heat loss, the factors affecting skin tem- 
p)erature, and the results of investigations prior to 1938 
appears in Murlin's extensive review of the subject.^ For 
any significant results in the study of heat loss the 
average skin temperature over the entire body surface 
must be known. Therefore, accuracy and rapidity of 
measurement are essential. Furthermore, recent ad¬ 
vances in the evaluation of the environment with respect 
to its effect upon the individual have indicated the 
desirability of a more complete delineation of the 
“comfort zone.” In studies of this type, skin tempera¬ 
ture has been given weight equal to t^t of such funda¬ 
mental physiological measurements as blood pressure, 
blood flow, and heart rate.® Of these interrelated factors, 
it has been suggested that skin temperature may be the 

• This work was supported in part by funds from the ONR of 
the United States Navy. 

‘ J. Murlin, Ergeb. d. Physiol. 42, 153 (1939). 

* Inouye, Tclser, Keeton, Hick, and Fahnestock, 

Physiological adjustments of human beings to sudden change of 
environment,” ASHVE Journal Section, 101 (July, 1947). 


best single objective index of the comfort zone.* It is 
therefore of increasing importance that an accurate 
method of measurement be made available and that 
errors prevalent in commonly used methods be ascer¬ 
tained where possible. In this way correction factors 
could be found and applied appropriately so that the 
various results of similar studies obtained by different 
methods of investigation could be brought into agree¬ 
ment. 

Many devices and methods have been developed for 
the measurement of skin temperature and have yielded 
^uivocal results because of the technical difficulties 
involved. Foremost among these difficulties is the 
proper calibration of the instrument. Since the tem¬ 
perature to be measured is that of a boundary between 
two different media, the difficulty of calibration of 
surface temperature measuring devices other than a 
radiometric instrument, under actual conditions of use, 
is readily appreciated. That serious errors may be 
attributed to discrepancies in the conditions of calibra¬ 
tion and the conditions of use has been shown,^ When 
contact instruments are used, the problem is further 


yentikting, air conditioning guide,” ASHVE, New 
York 27, 222 (1949). 

* J. D. Hardy, J. Clin. Invest. 13b, 60S (1934). 
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complicated by the effect of the applicator itself in 
changing the skin temperature as it measures it. A differ¬ 
ence in the temperature of the applicator and of the 
skin exerts this effect. It is also known that pressure of 
the applicator on the skin changes the temperature.® 
This may be due to vascular changes on deformation of 
the skin or, possibly, local sweating. Environmental 
conditions also influence the surface temperature and 
at the same time may affect the instrument itself. 

At present, because of the differences in calibration 
and conditions of use there is no basis for wide inter¬ 
comparison of data from different laboratories. This 
study was undertaken to develop a method by which 
several types of instruments may be tested under com¬ 
parable conditions and thus provide a basis of inter- 
comparison. The same instruments were employed 
under a variety of experimental conditions designed to 


simulate actual environmental situations under which 
they might be used and thereby obtain an indication of 
the extent and direction of errors due to the influence 
of the environment on the instrument reading. 

MATERIALS AND METHOD 

Several types of instruments were selected for com¬ 
parison : 

1. The Hardy Dermal Radiometer.* 

2. The Dermalor—a resistance wire skin thermometer.’ 

3. Surface Pyrometers (Cambridge Instrument Company). 

(a) The Roll Model—a flat strip thermocouple designed 
primarily for industrial uses. 

(b) The Mold Model—a small ilat bead thermocouple also 
designed for industrial uses. 

4. Thermocouple #5-# 40 gauge copper and constantan wire 
thermocouple glued to the lest surface with Duco cement. 


OUCO CEMENT 



mAO GAGE WIRE • 

COPPER CONSTANTAN 



GAGE WIRE • COPPER-CON8TANTAN (BARE) 

FLATTENED SOLDER 



MAO gage wire - copper-cons tan tan (BARE) ^ 28 CA82 - 

COPPER • CONSTANTAN 


Fig. 1 . Applicators for surface 
thermometers. 


SURFACE PYROMETER 




«^40 GAOE CU-CO TMERMOCOUPLE 

soldered to copper wire mesh 




flattened thermojunction 
applicator 


nixc TMKRMIITOR 


® N. A. Rembov, Arch. Sd. Biol., St. Petersburg 38,815 (1935). 
•J. D. Bardy, J. CUn. Invest. 13a, 593 (1934). 

' 8. 8. Sumieii, N. Y. SUte J. Med. 40.884 (1940). 
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5. Thermocouple #fr-#40 gauge copper and conatantan wire 
thermocouple stretched across the surface and supported at either 
end with adhesive tape, leaving the thermojunction bare. 

6 . Thermocouple #7-# 28 gauge copper and conatantan wire 
thermocouple imbedded in a flattened bead of solder taped to the 
surface with adhesive tape. 

7. Thermocouple #8-*#28 gauge copper and conatantan wire 
thermocouple stretched across the surface and supported at either 
end with adhesive tape leaving the thermojunction bare. 

8 . Mercury-in*glass thermometers 

(a) clinical 

(b) general laboratory. 

9. The Western Electric disk thermistor (5 mm in diameter by 
I mm thick)—applied to the surface by means of a thread drawm 
taut over the thermistor and fastened by adhesive tape. The leads 
were supported by means of a dab of wax inserted between theffi 
and the surface. 

10. The Rubicon Skin Thermometer—three copper-constantan 
thermocouples with flattened junctions mounted in a plastic 
holder. 

11. #40 gauge copper-constantan thermocouple—mounted on 
copper mesh and applied to the surface by means of ties run 
through the edges of the mesh and tied tightly about the cylinder.* 

With the exception of the mercury thermometers and 
the Hardy Dermal Radiometer, these instruments are 
represented in Fig. 1. 

In order to compare the instruments it was necessary 
to provide a standard surface the temperature of which 
could be determined accurately within db0.05°C. This 
was accomplished in the following manner (Fig. 2): 


a copper cylinder, 12 inches high and 8 inches in diam¬ 
eter was set up and provided with a stirring device, 
a thermostatically controlled heater, a Bureau of 
Standards certified thermometer, and inlets for testing 
and reference thermocouples. The cylinder was filled 
with water and its temperature maintained constant 
within db0.03°C. On this cylinder four layers of oak 
tanned leather, each 12 inches high, 12 inches wide 
and about S mm thick, were tightly laced. A thermo¬ 
couple of #40 gauge copper and constantan wire was 
inserted between the cylinder and the first layer and 
between each of the succeeding layers. All thermo¬ 
couples used in this study were made of specially 
annealed Leeds and Northrup thermocouple wire. All 
thermo junctions were about 6 inches from the top and 
6 inches from the side edges of the leather strips so 
that they lay in a straight line from cylinder to surface 
in the center of the leather covered area. The copper 
leads from the^ thermocouples were connected to a 
rotary switch which in turn was connected to a Type K, 
Leeds and Northrup potentiometer. The cold junction 
was inserted into the cylinder within I cm of the 
thermometer and a second thermocouple provided a 
check on the uniformity of the temperature within the 
cylinder. For convenience in recording data the thermo¬ 
couples were numbered as follows: 



Fig. 2. Schematic representation of apparatus for obtaining a standard surface temperature. 


• E. D, Palmes and C. R. Park, Fed. Proc. 6,175 (1947). 
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Fig. 3. Method for extrapo¬ 
lation of surface temperature. 
Curve A (dashed Hne) indi¬ 
cates the temperature gradient 
curve obtained by plotting the 
temperature of the surface of 
each leather layer against the 
distance of that surface from 
the surface of the cylinder (see 
top of chart). Curve B (solid 
line), a straight line, is obtained 
from the same data by plotting 
the temperature of the surface 
of the leather layer against the 
logarithm of the ratio of radius 
of each layer to the radius of 
the cylinder (see points marked 
off on the abscissa). 



1/2 LOG* Rt/Ri X to* 


#0™within the cylinder at about 6 inches from the reference 
thermocouple, 

# 1—between the cylinder and the first layer, 

#2—between the first and second layers, 

#3""between the second and third layers, 

#4-~between the third and fourth layers, 

#5“#8—test thermocouples on the leather surface. 

The temperature of the standard surface was then 
obtained by extrapolation of the thermal gradient from 
the cylinder to the outermost leather surface. Because 
of the curvature of the surfaces it was necessary to 
employ the equation for heat transmission through the 
walls of a tube in order to obtain a straight line extrapo¬ 
lation. This equation simplified is:® 

bg.(r2)/(ri) 

where fi== temperature of cylinder, /a = temperature of 
leather layer, /sT—a constant, fi = radius of cylinder, 
and fa =•= radius of leather layer. The thickness of each 
layer was measured with a micrometer and the radius 
calculated. The temperature difference (/ 2 “/i) of each 
of the first three layers was measured in microvolts, 
converted to degrees centigrade and plotted against the 
value of § logger?)/(ri) for each layer, respectively. The 
temperature of the outside surface of the fourth layer 
was then found by extrapolation and was the desired 
standard surface temperature to which all surface 
thermometer readings could be referred. Figure 3 
illustrates the method by which the surface temperature 
was determined by extrapolation of the curve obtained 
on plotting the observed temperatures against J log* of 

• W. L. Badger, Htai Transfer and Evaporation (The Chemical 
Catalog Company, lac., New York, 1926), p. 14. 


the ratio of the radial distances (Curve B —solid line). 
Curve A (dashed line) is shown for comparison. It was 
obtained on plotting the same temi>eratures directly 
against the radial distances of the layers from the 
cylinder. It is readily seen that since Curve A is not 
linear, an error of as much as can be made on 

extrapolation of this line unless the mathematical 
equation for the curve is set up and solved. Curve 
on the other hand, is a straight line and more readily 
yields the correct surface temperature on simple ex¬ 
trapolation, therefore this method was used throughout. 

In making the comparisons the desired environmental 
conditions were established and the apparatus was per¬ 
mitted to come to thermal equilibrium. The room tem¬ 
perature and the temperature of the cylinder as well as 
pertinent data such as radiation intensity or wind 
velocity were recorded. All thermocouples were read 
successively from the cylinder outward. The surface 
thermometers were read in an order such that the 
instrument having the least effect upon the surface 
temperature during application would be first and that 
haying the greatest effect would be last. Thus the 
thermocouples aflfixed to the surface were read first, then 
the radiometer and others, with the mercury ther¬ 
mometers last. In the instances where the surface 
temperature was affected by the applicator, sufficient 
time for the equilibrium to be re-established was per¬ 
mitted to elapse before the next instrument was applied. 

EXPERIMENTAL BATA 

In each situation studied, preliminary trials were 
necessary to achieve the best technique as determined 







682 


ALICE M. STOLL AND JAMES D. HARDY 


by consistency and accuracy of results. The data herein 
presented represent readily duplicable ^results of the 
best performance of each instrument. 

The following conditions were selected for test en¬ 
vironments: 

1. Normal—ordinary lal>oratory conditions, which include 
natural convection and radiation exchange between the leather 
surface and the walls of the room, 

2. Forced convection—simulated wind, derived from an electric 
fan blowing air directly on the surface at the rale of four feet 
per second as measured by an anemometer. 


Table I. Deviation in degrees centigrade froni standard surface 
temperature under normal conditions. 


Radiumrter 

Der¬ 
ma lor 

Mold 

pyrom¬ 

eter 

Roll 

pyrom¬ 

eter 

#5 

Thermocouple 
#6 #7 

#8 

-0.22 




0 

+0..14 

-0.14 

-0,17 

-0.28 




-0.02 

-0.22 

-0.14 

-0.17 

-0.15 

-1.00 



+0.43 

+0,07 

+0.27 

+0.66 

-0,12 

-0.77 

-6.4 

-14 

-K)..39 

+0.19 

+0.32 

+0.84 

-o.n 

-0,44 

-5.1 

-1.8 

+0,19 

+0.17 

+0.22 

+0.32 

+0.04 




+0.29 

+0.12 

+0.12 

+0.02 

+0,04 




+0.22 

0 

+0.02 

-0.05 

-i-0.12 




+0.22 

+0.05 

+0.07 

+0.07 

+0,1 y 

-1.16 

-5.0 

-3.9 

+0.39 

+0.24 

+0.29 

+0.24 

+0,13 




+0.02 

-0.14 

-0.10 

-0.12 

-0.10 

-0.20 



+0.22 

+0.05 

+0.22 

+0.14 

-O.n 

-0.36 

-5.2 

-3.5 

+0.30 

+0.24 

+0.36 

+0.29 

+0.03 

-0.22 

-5.4 

-4.3 

+0.24 

0 

+0.12 

+0.02 

+0.06’ 

+0.01 

-5.0 

-3.3 

+0.17 

-0,14 

+0.17 

0 

-0.01 

-0.56 

-5.6 

-3.4 

+0.32 

-0.05 

+0.41 

+0.05 

+0.05 

-1-0.10 

-.5,3 

-3.6 

+0.19 

+0.02 

+0.10 

+0.19 

-0.19 

+0.16 

-4.5 

-3.4 

+0.10 

-0.07 

+0.02 

-0.05 

Av. -0.04 

-0.44 

-5,3 

-3.2 

+0.22 

+0.05 

+0.14 

+0.13 


3. Infra-red radiation—simulating hot walls, derived from an 
electric hot plate directly facing the leather surface, other condi¬ 
tions **normal/' 

4. Simulated sunlight—produced by the radiation from a 1500 
watt lamp, other conditions “normal,” 

5. Simulated sunlight and forced convection -“sunlight” as 
above and “wind” from an electric fan blowing air on the irradi¬ 
ated surface at the rate of two feet per second. 

The standard surface temperature under norma! con¬ 
ditions ranged from 27®C to about 32°C. Table I 
presents the deviations in degrees centigrade of the 
surface thermometer readings from the extrapolated 
(standard) surface temperature obtained in a series of 
experiments under normal conditions. 

The radiometer And thermocouple #6 yielded the 
best results, all readings being well within the limits of 
experimental accuracy. Thermocouples #7 and #8 
performed satisfactorily while #5 (glued on surface) 
showed an average deviation of +0.22°O. 

The copper mesh mounted thermocouple readings 
(not shown in table) fell about 0.34°C below the 
extrapolated temperature. 

The Dermalor, with an average deviation of •“0.44X, 
fell within the range of accuracy guaranteed by its 
manufacturers (2 percent, about O.S®C to 0.6®C at the 
temperatures measured). 

The disk thermistor was carefully calibrated in con- 
toct with the bulb of a mercury-in-glass thermometer 
in an air chamber rather than by immersion in a liquid 
in order to more closely approximate the conditions of 


use. A smooth, reproducible calibration curve was 
obtained. In spite of this precaution, however, an 
average deviation of “1.21°C (not shown in table) was 
observed. 

The Rubicon Skin Thermometer readings (not shown 
in table) were in error by —2.85®C under normal 
conditions. The applicator of this instrument could not 
be satisfactorily adapted to use on the leather surface. 
Because of the construction of the holder, good contact 
could be obtained only by pressing the applicator into 
the surface. This could not be done sufficiently well on 
the relatively unyielding leather surface. It is to be 
expected that on actual skin surfaces into which the 
applicator could be pressed, a better approximation 
could be attained. 

Both the Roll and the Mold model pyrometers showed 
wide deviations from the standard which was relatively 
near the lower limit of their scale range (SO^^F to 250°F 
or lO^C to 120+°C). 

Mercury thermometer results do not appear in this 
table. Because of the long reading time required, about 
three minutes, it was deemed advisable to test them 
separately. Three techniques were used: 

1 . The thermometer was rolled on the surface. 

2. Spot contact was maintained with the thermometer bulb 
covered by a notched cork. 

3. A combination of the above, the thermometer, under a 
notched cork, was rolled on the surface. 

A short series of observations was made with a clinical 
thermometer, a large bulb laboratory thermometer and 
a small bulb laboratory thermometer. It was found that 
under normal conditions agreement with the standard 
within between 0 and “0.5°C could be attained but 
required about three minutes contact time. Rolling 
under a notched cork reduced this time but introduced 
the possibility of errors due to friction. Forced convec¬ 
tion or radiation falling on the surface increased the 
reading time by five minutes and the error by two or 
three degrees centigrade. Because of the long lag in 
respx)nse and their inadaptability to changing environ¬ 
mental conditions, mercury thermometers were not 
suited to comparison with the other instruments em¬ 
ployed. They were therefore eliminated from the study 
although they could be used to advantage with a very 
limited set of conditions and a rigid technique developed 
through trial and error. 

Table II presents results obtained under a variety of 
environmental conditions. These results are best evalu¬ 
ated by comparison with Table I and consideration of 
the factors influencing the reading of each instrument 
under given conditions: 

1. Forced convection—To study the effects of con¬ 
vection currents, it was necessary to supply an air 
stream of constant velocity so that equilibrium was 
established and maintained throughout the experiment. 

For accurate results with the radiometer, it waa held 
at m angle such that it did not mterrupt the i^ream of 
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air, and that the air was not deflected into the reflecting 
cone of the radiometer. With this precaution, convection 
had no effect upon the accuracy of the instrument. 

The Dermalor applicator must necessarily be placed 
upon the surface since it is a resistance coil dependent 
upon contact for its effect. Interruption of the air stream 
during application then resulted in a reading higher 
than the true temperature. The accuracy of this instru¬ 
ment remained about the same as under normal condi¬ 
tions although the direction of the error was reversed. 

Thermocouples # 5, # 6, and # 8 and the copj^er mesh 
mounted thermocouple (not shown in table) showed an 
increased error of about 0.2®C, while #7 (covered with 
adhesive tape) agreed more closely with the standard 
temperature than under normal conditions. 

The Roll Pyrometer and the thermistor (not showm 
in table) error remained unchanged while the Mold 
Pyrometer showed less error than under normal con¬ 
ditions. 

The error in the Rubicon Skin Thermometer readings 
(not shown in table) apparently decreased to — 0.84®C 
during forced convection. However, this effect was only 
apparent since the actual temperature of the surface 
approached room temperature during forced convection, 
while it was about four degrees above room temperature 
under normal conditions. 

2. Infra-red radiation—Accuracy within experimental 
limits was obtained with the radiometer when it was 
held in a position such that the area tested was not 
shaded from the radiation. 

The Dermalor readings were in error by -“1.7S®C 
(average deviation) due to the shading of the test area 
and actual cooling of the surface by the applicator. 
Preheating the applicator to approximately the surface 
temperature (about 37°C) probably would reduce the 
error. 

The accuracy of thermocouples #5, #6, and #7 was 
not significantly impaired by this radiation. Thermo¬ 
couple #9 (copper mesh) readings (not shown in table) 
were in error by — 0.4°C while thermocouple #8 (#28 
gauge wire) differed from the standard by as much as 
-O.S®C. 

The error in the pyrometers was greatly increased. 

Because of the difficulty in the application of the 
thermoelement of the Rubicon Skin Thermometer, these 
readings (not shown in table) were apparently in error 
by — 4.93®C, Under infra-red irradiation, however, the 
surface temperature was about 9®C above room tem¬ 
perature and the large error reflects poor contact of the 
thermoelement with the surface. 

Since the data obtained with instruments # 9, # 10, 
and #11, studied after the completion of tests on the 
other eight, indicated that the readings were not 
appreciably different from those of similar instruments 
in the same situations, these instruments were not sub¬ 
jected to simulated sunshine or this radiation plus 
ccmvectiom It is to be expected that they would exhibit 


the same type of errors as other contact instruments 
under the same conditions. 

3. “Sunlight.” 

In testing the performance of the instruments during^ 
radiation of energy in the visible range, sunlight itself 
could not be used because of its variability. It was 
simulated by the diffuse radiation produced by a 1500 
watt lamp about 1.5 meters from the surface, and 
directed toward the surface through a large lens. 

Under the conditions of this experiment, reflection of 
the radiation into the cone of the radiometer could not 
be avoided without interrupting the light beam. On 
placing the radiometer directly on the surface to avoid 
reflection, this instrument with its diameter of 4 cm, 
shielded the surface from the radiation and thus cooling 
of the surface ensued during the 8 seconds required to 
obtain the radiometer reading. However, since cooling 
is more readily measured than reflection, this procedure 
was followed. The cooling amounted to about 0.15°C 
in the required reading time; the exact amount of 
cooling under each set of conditions was determined by 
experiment. 

The procedure for making a surface temperature 
measurement with the radiometer during thus irradia¬ 
tion was then as follows: the radiometer was placed 
directly over the test area and the reading noted at a 
definite minimal time (8 sec.). The radiometer was then 
removed and the radiation continued until equilibrium 
was reestablished. The cooling effect was then deter¬ 
mined after the manner described by Hardy and 
Opj>el at zero time the radiometer was applied to the 
surface as above and at the same instant the radiation 
was cut off by a shutter. The radiometer was read at 8 
seconds and at frequent intervals thereafter for about 
2i minutes as the surface cooled. These readings were 
plotted against the time and the resulting cooling 
curve was extrapolated back to zero time. The differ¬ 
ence between the extrapolated value at zero time and 
the observed temperature at 8 seconds constituted the 
cooling correction which was added to the reading of 
the radiometer obtained in making the surface tem¬ 
perature measurement during irradiation. Figure 4 
shows two of the curves for cooling correction obtained 
in this manner. In order that this procedure be valid, 
the conditions under which the cooling correction was 
obtained were necessarily identical with those under 
which the test determinations were made. 

After the addition of the cooling correction, there was 
no error in the radiometer measurements in “sunlight,” 

The Dermalor readings were in error by — 1.2®C, 
again due to shading and the difference in temperature 
between the surface measured and the applicator itself. 

Thermocouple #6 (#40 gauge wire uncovered) was 
not appreciably affected by this radiation, while # 5, # 7, 
and #8 showed between —0.4 and — 0.9®C errors. 

The errors in*the pyrometer readings were greatly 


w J. D. Hardy and T, W. Oppel, Physics 7, 466 (1936). 
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Fio. 4/ Cooling curves. Two curves showing the cooling of the standard surface on interruption of the radiation falling on it from 
the 1500-watt lamp during application of the radiometer. By extrapolation back to zero time the correction factor for cooling under 
these conditions is obtam<^. 


increased in “sunlight” as they were during infra-red 
radiation, 

4. “Sunlight” and “wind.” 

When convection currents were superimposed on the 
“sunlight” falling on the surface a new correction for 
cooling was determined and api)lied to the radiometer 
reading. Thereupon the radiometer readings were 
brought into complete agreement with the standard 
surface temperature. 

The Dermalor appeared to be more accurate under 
these conditions (average deviation ===—0.1°C). In this 
instance there was little difference between the tempera¬ 
ture of the applicator (25° to 27°C) and the temperature 
of the standard surface (about 29°C), therefore, there 
was no appreciable cooling effect from the applicator. 
The error due to shading was canceled by the interrup¬ 
tion of the air stream during measurements. 

Thermocouple #6 was the most reliable, while #5, 
#7, and #8 showed errors of from ”0.4°C to —0.6°C. 

The pyrometers under these conditions agreed more 
closely with the standard than under normal conditions 
but were still grossly in error. 

A generalized summary of the foregoing data is 
presented in Tables III and IV. 

DISCUSSION 

In any study of surface temperature it is well recog¬ 
nized that there are factors which dictate the type of 
instrument most suited to the individual problem. This 
is particularly true when dealing with skin temperature. 
The measurement of surface temperature depends upon 


a transfer of energy from the surface to the measuring 
instrument. Thk)retically, surface temperature could 
be measured in terms of any one of its components, i.e., 
radiation, conduction, convection or vapor pressure. 
Convection and vapor pressure measurements are tech¬ 
nically extremely difficult to make and have not been 
employed for this purpose. Because of the relative ease 
of measurement, radiation and conduction have been 


I'ABtE IL Deviation in degrees centigrade from standard surface 
temperature under conditions indicated. 


Radiometer 

l>er- 

nialor 

Mold 

pyrom¬ 

eter 

Roll 

pyrom¬ 

eter 

#5 

ThermtH'ouple 
#6 #7 

#8 

Air flow -4 It. 

/sec. 







+0.05 

+0.30 

-3.7 

-2.6 

-0.22 

-0.17 

-0.07 

-0.19 

+0.05 

+0.60 

-4.5 

-3.3 

-0.33 

-0.29 

-0.14 

-0.33 

-0.05 

+0.60 

-3.0 

-3.0 

-0.24 

-0.39 

-0.02 

-0.29 

Av. +0.02 

+0.50 

-3.7 

“3.0 

-0.26 

-0.28 

-0.08 

-0,27 

Infra-red radiation 







+0.12 

-1.54 

-6.3 

-5.1 

-0.07 

+0.05 

-0.10 

-0.60 

+0.02 

-1.02 

-8.1 

-5.3 

+0,02 

-0.16 

-0.16 

-0.54 

+0.02 

-1.68 

-4.5 

-8.9 

+0.02 

0 

-0.19 

-0.34 

-0.09 

-2.07 

-8,4 

-4.5 

+0.10 

-0.24 

-0.29 

-0.51 

-0.J2 

-2.46 

-8.8 

-5.9 

+0.09 

-0.15 

-0.17 

-0.46 

Av. -0.01 

-1.75 

-7.2 

-5.9 

+o.ai 

-O.IO 

-0.18 

-0.49 

1500 watt lamp radiation 






+0.13 

-1.02 

-7.7 

“3.8 

-0.17 

+0.22 

-0.73 

-0.27 

-0.05 

-1.30 

-5.9 

-4.8 

-0.37 

0 

“0.92 

-0.44 

-0.16 

-1.59 

-7.5 

-7.9 

-0.37 

+0.07 

-0.95 

-0.39 

-0.15 




-0.37 

0 

-1,04 

-0.56 

‘+0.02 

-1.03 

-6.5 

”4.3 

-0.50 

-0.40 


-0.72 

-0.03 

-0.98 

-6.6 

-3.9 

-0.41 

-0.10 

-0,93 

-0.58 

Av. -0.04 

-1.18 

-6.8 

-5.4 

-0.37 

-0.04 

-0.91 

-0.49 

1.500 watt lamp radiation+air flow—2 ft./ncH', 




-o.n 

+0.49 

-3.7 

-2.6 

-0.29 

+0.02 

-0.44 

-0.27 

-0.05 

-0,05 

-3.5 

-2.4 

-0,51 

-0.05 

-0.68 

-0.51 

-0.04 

+0.01 

-3.5 

-2.9 

-0.49 

-0,05 

-0.58 

-0.39 

0 

0 

-3.9 

-2.8 

-0.41 

-0.41 

-0.61 

-0.41 

Av. —0.05 

+0.U 

-3.7 

-2.7 

-0,42 

-0.12 

-0.58 

-0.40 
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used extensively. Since radiation may be measured at a 
distance from the surface, it would appear to be the 
more desirable measurement. 

The formula for radiation exchange between two 
bodies at different temperatures may be expressed as 

where, in the particular instance of skin temperature, 
i? —quantity of energy exchange, «i = emissivity of a 
perfect black body reference block = 1, ^ 2 —far infra-red 
emissivity of the skm = 0.989,“ 5o=the Stefan-Boltz- 
mann constant, absolute temperature of the black 
body, and r 2 =absolute temj>erature of the skin. Since 
all the terms of the equation except R and T 2 are known, 
Tt may be determined from the measured quantity R\ 
also as R usually may be determined accurately without 
affecting T 2 , this is theoretically a dependable measure¬ 
ment of skin temperature. 

Conduction, on the other hand, may be expressed 
more simply as 

where C’ = quantity of energy exchange, 7',= tempera¬ 
ture of the skin, T,—temperature of the instrument, 
and A"—a constant. However, K depends npox} many 
factors: the contact pressure, the roughness and wetness 
of the skin, and the size and the conductivity of the 
applicator. Even when the size of the applicator is 
minimal and the conductivity optimal, the other factors 
influencing K are variable and affect the accuracy of 
the determination. 

For practical purposes w'hen rough, quasi-quantita- 

Table in. Average deviation from extrapolated 
temperature 


KxjjcrinitrnUl conditions 

1500 

watt 


Instrument 

Room 

(normal) 

Wind 

velocity 

4 ft./'arc. 

Iiifraretl 

radiation 

(hot 

stove) 

1500 

watt 

lamp 

radiation 

lamp 

wind 

velocity 

2 ft./sec. 

"Dermal" radiom¬ 
eter 

-0.04 

+0,02 

-0,01 

-0.04 

-0.05 

Thermocouple 

gauge wire 

+0.05 

-0.28 

-O.IO 

-0.04 

-0.12 

Thermocouple 
^8 gauge wire 

+0.15 

-0.27 

-0,46 

-0.49 

-0.40 

Thermocouple 
Holder bead 
(adheulvc tape) 

+0.14 

-0,08 

-0.18 

-0.91 

-0.58 

Thermocouple 
#Wj|ange wire 

+0.22 

-0.26 

+0.05 

-0.57 

-0.42 

"tiermaloT" 
resistance 
thermometer 
"Pyrometer" strip 
thermocouple 
"Pyrometer 

-0,44 

+0.50 

-1.75 

-1.18 

+0.11 

-5.2 

-3.0 

-5.9 

-4.9 

-2.7 

solder bead 

-5.5 

-5.7 

-7.2 

-6.8 

“5.7 

Copper mesh 
thermocouple 
Disk thermistor 
Rubicon skin 
thermometer 

-0.56 

-1.21 

-2.85 

-0.57 

-1.22 

-0.84 

-0.42 

-1.91 

-4,93 


• 


tive measurements suffice, conduction methods are 
usually quite satisfactory. Because of the low cost, 
sturdiness and ease of operation of various instruments 
based on this principle, conduction instruments have 
come into wide usage and consequently have been em-* 
ployed in studies for which they are not suited. Quanti¬ 
tative studies relating skin temperature to heat loss 
rate and to blood flow measurements, for instance, 
require a method of greater precision. Theoretically, the 
radiometric method is most suitable and this is borne 
out by practical experimental evidence. Of the many 
devices employed in measuring skin temperature, as 
yet no single instrument adaptable to every situation 
has been demonstrated. The radiometer most nearly 
approaches this ideal because of its accuracy and its 
applicability to the particular problems of this measure¬ 
ment. With appropriate corrections the Dermal Radi¬ 
ometer maintains an absolute accuracy of dbO.l^C, the 
limit of accuracy with which the scale of this model may 
be read, under all conditions of these experiments. This 
confirms and extends the work of a previous investiga¬ 
tion by Hardy.^ Unlike any other instrument similarly 
employed, the radiometer does not come in contact 
with the skin; therefore changes in temperature and 
possible vascular changes due to pressure or contact 
with the skin on application of the instrument are 
obviated. The reading time is short, eight seconds, and 
relatively rapid changes in skin temperature may be 
followed readily. The necessity for corrections under 
certain circumstances and the bulk and fragility of the 
instrument are decided disadvantages. Also, the radi¬ 
ometer principle has not been adapted for measuring 
skin temperature beneath clothing or for continuous 
recording. However, such corrections as are necessary 
can be made with the radiometer itself and attempts to 

Table IV. 


Pprformaiicc under eJiperimental conditions 







1500 






watt 





1500 

lamp 



Wind 


watt 

wind 


Kooni 

velocity 

Infra-red 

lamp 

vdocsity 

Instrument 

(normal) 

4 ft./see. 

radiation 

radiation 

2 ft./see. 

‘‘Dornittr’ radiom- 

Excellent 

+0.05T 

Excellent 

Excellent 

Requires 

Reqtiires 

eter 



correction 

corr^ion 

Thermocouple 

Esrsllcut 

Fair 

Good 

Excellent 

Good 

^0 ^ugD wire 






Thermocouple 

Good 

Fair 

Poor 

Poor 

Poor 

#28 gauge wire 
(Isire) 

dbO.lST 


+0.90%: 



Thermocouple 

(ioml 

Excellent 

Fair 

IW 

Fair 

solder bc^ 
(adhetuve tape) 






Thermocouj^e 

Fair 

Fair 

Excellent 

Fair 

Fair 

# 40 gauge wire 
(glued) 

dhO.:i(rc' 





“Dermalor” 

Fair 

Fair 

Poor 

Poor 

Good 

resistance 

thermometer 






"pyrometer** strip 
thermocouple 
"Pyrometer** 
solder bead 
Cooper mesh 
thermocouple 


Very poor 

V^ery poor 

Very poor 

Very poor 

Very poor 

Vwy poor 

Very poor 

Very pooc 

Very poor 

Fair 

Fair 

Fair 



Disk thermistor 

Poor 

Poor 

Poor 



Rubicon skin 

Very poor 

Very poor 

Very poor 



thermometer 





«I D. Hwdy, Am, J. Physiol. 127, 3 (1939). 
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reduce the bulk without sacrificing accuracy are now in 
progress in other laboratories.^ 

It would be of considerable practical value if these 
experiments could be put to use in deriving correction 
factors which would bring into agreement skin tem¬ 
perature data obtained by the various methods of 
measurement. The skin temperature measuring devices 
fall into two general classes, namely those instruments 
which cover several square centimeters of skin and 
thereby alter the normal heat flow pattern, and those 
which come into contact with the skin at only one 
point or at most in a single fine line. The bare wire 
thermocouples belong to this latter group, and an 
attempt has been made to discover whether these 
thermocouples are indicating subsurface temperature, 
surface temperature or the temperature of the air in 
close proximity to the surface. 

Biittner^® has measured the thermal gradient through 
the air immediately adjacent to a wall of known tem¬ 
perature higher than that of the circulating air. He 
found a linear relationship between temperature and 
distance from the wall such that the temperature fell 
at the rate of 2°C per millimeter in still air. From this 
data it is possible to determine whether or not the 
thermocouples were reading the temperature of the air 
in the boundary layer. For a # 28 gauge thermocouple, 
0.6 mm in diameter, one side just touching the surface, 
it was found experimentally that in still air this instru¬ 
ment was reading 0.13°C higher than the actual surface 
temperature. It was thus evident that the thermocouple 
was not reading the temperature of the air in the 
boundary layer or the surface temperature but an 
equivalent subsurface temperature. It can be easily 


“M. Van Dilla and J. Bochinski, Report R252 Radiometer, 
A, S. F., QM Climatic Research Laboratory, Lawrence, Massa¬ 
chusetts (October, 1945). 

^ K, Blittner, Verdunstung und StraMung in Bioklimahlogic und 
MeUorologie (Preuss. Meteorol. Institut., Berlin, 1934), Vol. X, 
p. 5. 


shown that the thermocouple was reading the tempera¬ 
ture of the leather 0.2 mm beneath the surface, a result 
which is to be explained on the local banking of heat 
between the thermocouple and the surface. It is a fact 
that although thermocouples can be made with very 
fine wire they will indicate only the temperature of the 
very small junction at a spot on the skin where the wire 
is having the most disturbing effects. For example, the 
#40 gauge thermocouple, 0.2 mm in diameter, gave a 
reading of the surface temperature which was O.OS'^C 
higher than the true temperature of the surface, again 
showing evidence of heat banking. 

Biittner has also measured the '^effective Grenz- 
schicht^* or thickness of the boundary layer of air at a 
surface upon which wind was blowing at various known 
velocities. Applying his data to these experiments it was 
found that although the thermocouples were now read¬ 
ing lower than the true surface temperature there was 
definite evidence of banking of heat between the 
thermocouple a'nd the surface. From these considera¬ 
tions it became obvious that an exhaustive treatment of 
the heat flow problem would be necessary to arrive at 
corrections which could be applied to thermocouple 
measurements under various environmental conditions, 
to say nothing of the various methods of applying 
thermocouples to the skin surface. Such an approach 
does not appear justifiable in view of the present data. 
It is believed, however, that if skin thermometers were 
calibrated against a surface of known temperature 
under the various circumstances which are to be em¬ 
ployed in the biological study, empirical corrections 
could be arrived at and applied so that a more accurate 
evaluation of skin temperature could be made. A per¬ 
haps even more accurate method would be to calibrate 
skin thermometers in place on the skin by comparison 
with radiometer measurements. Studies of this nature 
are now bemg made in this laboratory in an attempt to 
evaluate further the various methods now employed 
for measuring skin temperature. 



THE REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 20, NUMBER 9 SEPTEMBER. 1940 


Book Reviews 


Metal Rectifiers 

By H. K. Henisch, 155+xi, Figs. 55. Clarendon Press, 
Oxford, 1949. Price $3.75, 

This book is the second volume of a new scries entitled Mono¬ 
graphs on the Physics and Oiemisiry of Materials edited by a 
distinguished group of British scientists. It is the second English 
language text to deal exclusively with a phase of the subject of 
metal-semiconductor rectifiers. The first was the Radiation Labo¬ 
ratory volume on Crystal Rectifiers by Torrey and Whitmer. 

One distinguishes two genera! phases of the subject of metal- 
semiconductor rectifiers, namely, (1) the large area disk type of 
rectifier used almost exclusively in low frequency power applica¬ 
tions, and (2) the metal point contact type of unit applied mainly 
in high frequency electronic circuits. Hcnisch’s Ixwk deals with the 
former. 

The subject of dry rectifiers presents an author with a very 
complex problem. Semiconductors have electrical properties which 
are extremely sensitive to structure changes and to impurity 
inclusions. When one studies the contact between a metal and a 
semiconductor the sensitivity is often magnified another order of 
magnitude. Thus, it is easy to sec how the thirty or more years of 
extensive literature can be cluttered with misinformation and con¬ 
flicting data. Hcnisch deals with this problem by not attempting 
to review papers in detail. Instead he describes with the aid of the 
literature and his own experience what he calls the ^^characteristic 
rectifier properties.” These are properties, such as, the contact 
resistance versus voltage relation, which are qualitatively the same 
for most rectifiers and show promise of Ijcing subsumed by theory. 
In addition to this, there are chapters on methods of manufacture 
and methods for making electrical measurements upon rectifiers. 
Modern and earlier theories of rectification are discussed, and 
finally the authorns desiderata for future rectifier developments are 
given. 

The description of methods of manufacture will be of interest to 
those who have not had the opportunity to witness the industrial 
processes. Two words of caution are in order. Firstly, the author 
has had to rely upon published material for his descriptions. Be¬ 
cause industrial firms are usually unwilling to disclose their latest 
processes, the descriptions are tinged with obsolescence. For ex¬ 
ample, his discussion of a vacuum prcannealing process (p. 123) 
imputes novelty to a process which has been superceded for at 
least ten years. Secondly, it must be realised that rectifier manu¬ 
facture is still an art, and it must not be supposed that written 
instructions will suffice to insure that anyone can make good 
rectifiers at first try. I am, however, sympaietic with the author, 
and feel that he is working in the right direction to free the subject 
of cook book magic. I would critieixe one item, namely, his de¬ 
scription of the preparation of germanium rectifiers. This is inade¬ 
quate and it would be better if this were left out. 

The section on characteristic rectifier properties is quite ade¬ 
quate for the expressed purpose of the book; t^t is, ”to collect and 
summarize the most important aspects of the subject ... for 
practical workers in this field.” 

The chapter on modem theories provides a good summary for 
those who are not interested in pursuing the work in more detail. 
Serious students of the theory will find more satisfaction in con¬ 
sulting papers in the adequate bibiiogmphy given at the end of the 
book. The choice of older theories discussed makes entertaining 
reading. One criticism I might make is that some of the discussions 
of the modem theory are disappointingly brief. One launch^ with 
interest into a topic and is barely settled when the end of the 
section abnqstly appears. 

The book is not intended to give engineering information, but 
emphaebes tl» physics aspect of the problem. It would be better 


if the brief mention of practical matters that U made would be 
deleted in favor of more space for the theory. 

We may summarize by saying that the book is a good summary 
for research workers who would gain an acquaintance with the field 
of large area rectifiers, but will not be satisfying to those already ^ 
expert and desirous of reading new work in the field, or to those 
mainly interested in point contact rectifiers and transistors. 

S. J. Angello 

Westinghouse Research Laboratories 

Introduction to Statistical Mechanics 

By Ronald W. Gurney. Pp. 268, Figs. 60, McGraw-Hill 

Book Company, Inc., New York, 1949. Price $5.00. 

This book was written with the object of presenting statistical 
mechanics in a form attractive to the experimental physicist and 
chemist. As a result, the over-all treatment is quite elementary* 
with an adequate number of illustrative and practical examples. 

Gurney *8 book can be divided into two parts, with Chapter 7 
falling between them. The first six chapters derive the most 
probable distribution of energy among a number of weakly inter¬ 
acting atoms or molecules that have quantized energy states, and 
apply the resulting partition functions to a discussion of thermo¬ 
dynamic functions, properties of gases, activation energies, crystal 
order, and fluctuations. The last five chapters present a more con¬ 
ventional, but still elementary, exposition of statistical mechanics 
in terms of ensemble and phase space, with applications to im¬ 
perfect gases, condensation, solids, homonuclear diatomic mole¬ 
cules, and quantum statistics. Chapter 7 is a relatively lengthy 
exfK)silion of solid and liquid solutions, that is informative and 
makes good use of the preceding material. 

The consistent emphasis on simplicity throughout the book, 
both as to physical ideas and analytical development, leads to a 
numt>er of excellent and clear qualitative explanations of such 
matters as the most probable energy distribution, the progress 
toward this equilibrium distribution, the relation between the 
partition functions of a gas and a solid, and the concept of temper¬ 
ature. At the same time, it is perhaps an inevitable result that some 
of the discussions will not satisfy the more inquiring students even 
in a basic course on this subject. Thus an integral is substituted for 
a summation on page 95 without any mention of the need for 
taking the limit of large a, and the similar less justifiable substitu¬ 
tion on page 225 leads to the discrepancy between the middle and 
right sides of Eq. (406). Similar oversimplifications appear in 
the implication (page 186) that a classical ideal gas shows much 
greater density fluctuations than a quantum ideal gas, and in the 
omission of nuclear spin from the consideration of hetero- and 
homonuclear diatomic molecules (page 226). 

With its clear development of basic statistical concepts, and its 
numerous applications to physically interesting situations, 
Gurney’s book will prove to be of considerable value to under¬ 
graduate students of physics and chemistry, and to professional 
workers in experimental physics, chemistry and metallurgy. By the 
same token, the older books of Tolman, Fowler and Guggenheim, 
and Mayer and Mayer, will continue to be indispensable to those 
who wish to become acquainted with the full power of statistical 
mechanics, or to follow the analytical details of many applications. 

L. I. SCHIFF 

• Stanford University 

The Instrument Manual 

Edited by the Proprietors of Instrument Practice. Pp. 

548+cxiii, illustrated. United Trade Press, Ltd., I^ondon, 

1949. Price U 10s. 

Here is a book that should prove to be a very useful reference for 
those interested in problems in measurement and control. The 
purpose o{ The Instrument Manual is perhaps best understood by 
quoting excerpts from the editor’s introduction. “The object of this 
book is to provide in a convenient form general information of 
value to all concerned with industrial ipstruments, that is, manu- 
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facturers and users of devices to facilitate observation, make 
measurements, record data, and manually or automatically control 
processes. . . . This work can be said to give both overseas and 
home users and purchasers of instruments detailed information of 
the British instrument industry, and what it has to offer the 
world.” 

The field covered by the manual is very extensive, ranging from 
simple manufacturing gauges to mass spectrometers. It is a 
treatise on measurement and control, being primarily devoted to 
physical principles and methods of measurement and control, 
rather than to a description of specific equipment. 

As is usual in any volume written by a number of authors, the 
treatment of the various sections is not uniform. An attempt was 
made to vary the treatment of various subjects in accordance with 
the general level of interest and the extent of the use of the 
particular class of instrument. 

llic manual is divided into twenty one sections as follows; 

I. Engineering Precision instruments (ineasnremeut and gauging oj 
screw threads, gears, flatness, and general physical dinienxions). 

Jl. Engineering and Mechanical Instruments (stress, stram. imptirt, 
hardness, fatigue and wear), 

III. Optical Instruments. 

IV. Inatrumeulfl for the Determination of Texture (surface quality, mag 
netic and supersonic testing). 

V. Instruments for the Determination of Compositional Quality (spectros¬ 
copy, polarography, gas analysis, calorimetry, mass spectrometry, radiog¬ 
raphy, and gas analysis). 

VI. Measurement and Control of Time and Speed. 

VIZ. Measurement and Proportioning of Weight. 

VUI. Measurement and Control of Pressure. 

IX. Measurement and Control of I.eveL 

X. Measurement and Control of Specific Gravity. 

XI. Measurement and Control of Temperature and Pyrometers for 
Ktirnace Temperature. 

XII. Measurement and Control of Flow. 

XU I, Measurement and Control of Hydrogen Ion. 

XIV. Measurement and Control of Humidity. 

XV. Automatic Control. 

XVI. Electrical Measuring Instruments. 

XVII. Review of Electronic Instruments. 

XVIII, General Trends in Instrument Design. 

XIX. Organisations Interested in Instruments. 

XX. Publications Directly Associated with Instruments. 

XXI. Directory of Manufacturers. 

Each section of the manual includes a fairly complete bibli¬ 
ography (up to 1947 in most cases) as well as a buyers* guide and 
references to British Standards Specifications. In addition there is 
a list of recent British patents pertaining to instrumentation. The 
buyers’ guide is a list of British manufacturers only. 

The American reader will be disappoirited not to sec mention 
made of many new instruments with which he is familiar. This 
reviewer was pleased, however, to find the thoroughness with 
which some of the fundamentals of measurement and control are 
treated. The section on automatic control, for example, covers 100 
pages and is well done. There are few volumes which cover so many 
subjects in this field as well. 

The manual can hardly seem to justify the date, 1949, for there 
are a number of significant advances in recent years that receive 
little or no mention. In the very interesting section on measure¬ 
ment of time, for example, no mention is made of the possibility of 
the atomic clock, which is considered by many to be revolutionary 
as a time standard. Another subject that should be discussed in a 
book of this character is that of oxygen analysis. No mention is 
made of the possibility of combustion control from oxygen analysis, 
nor is any mention made of paramagnetic oxygen analyzers which 
are being put to numerous uses in this country. These and other 
omissions may be excused on the basis that certain techniques and 
equipment have not received general acceptance in England, and 
therefore are not included. 

Judging the manual on the basis of its contents, it is considered 
to l>e very well done in general, and should prove of interest to 


many people. Unfortunately, the life of the manual is likely to be 
limited by the very poor binding. The reviewer*s copy has already 
begun to collapse, 

J. C. Mouzon 

Hesearch and Development Board 

Atmospheric Electricity 

By J. Alan Chalmers. Pp. 175, Figs. 36, 22iXl4i cm. 

Clarendon Press, Oxford, 1949. Price $3.75. 

This book by J. Alan Chalmers is a valuable addition to the 
literature on atmospheric electricity. The volume serves both as an 
introduction to the subject and a reference work of limited value. 
The principal problems and the majority of the important con¬ 
tributions to the field are covered. The material for the book is well 
organized, the topics have been thoughtfully selected and an 
attempt made to report the principal results. The text is generally 
well written and concise. 

The opening chapters are devoted to a brief historical review of 
early observations and their interi)retation, together with a sum¬ 
mary of the fundamental principles necessary to understand the 
special problems of atmospheric electricity. The important sections 
of the book are opened by a review of the numerical magnitudes 
and characteristic properties of various types of ions in the 
atmosphere. The factors governing the rate of production of ions, 
their destruction and their final eciuilibrium are considered in rela¬ 
tion to their influence on the natural conductivity of the atmos¬ 
phere. A chapter on the vertical electric field well summarizes the 
experimental data under fair weather conditions. 

The various components of the air-earth current and their 
possible interrelation under storm conditions arc considered. The 
electrical balance of the atmosphere as determined by ohmic con¬ 
duction, point discharge and mechanical transport is worked out as 
fully as the experimental data permit. From the results of this 
investigation, the author concludes that storm conditions over a 
small fraction of the globe are responsible for the world wide 
electrification observed in the atmosphere. 

The electrical effects that accompany the production of a 
thundercloud are discussed at some length with the major empha¬ 
sis placed on experimental methods and results of measurements. 
The author considers various proposed theories to account for the 
electrification of raindrops and discusses how these proposed 
mechanisms can account for the separation of free electrical charge 
in the thunderstorm. He appears to be well satisfied that available 
mechanisms will adequately account for the principal features of 
thunderstorm electrification. The chapter on the measurement and 
physical characteristics of the lightning flash is a concise and 
valuable summary of the electrical characteristics of the transient 
state. 

The frequent references to special apparatus and problems as¬ 
sociated with the measurement of atmospheric electric quantities 
add notably to the usefulness and interest of the volume. Ex¬ 
planatory diagrams would, in a number of cases, add further value 
to these references. 

One serious discrepancy has been noted. The author, in order to 
be consistent with some of the older writers, defines a positive 
electric field as the space gradient of the potential, instead of the 
negative space gradient, as used by all modem writers. While this 
assumption is illustrate in Figs. 1 and 29, the discussion in 
Sections 16 and 17 and the equations in other sections of the book 
are hopelessly inconsistent therewith. Understanding of atmos¬ 
pheric electricity would have been advanced if the errors of the 
pMwt had been corrected and the standard definitions employed by 
mathematicians and physicists had been adopted. 

A careful reader will encounter a number of gaps and examples 
of mi^laced emphasis. The use of data collected at Kew, instead 
of the more descriptive information collected over the oceans by 
the research ship, “Carnegie,” gives a misleading impression of 
world-wide atmospheric conditions and discharge rates. Although 
I have not carefully checked many of the assigaments of credit for 
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original contributions by the author, the confusion in the discus¬ 
sion of the electric field meter, inappropriately called a ‘'field 
mill,” indicates that revisions might be necessary in the interest of 
objectivity and history. This reviewer has personally used the 
electric field meter to measure atmospheric electric fields on 
aircraft since 1929 and was surprised to find the author giving 1937 
as the date of first application, 

Ross Gunn 

U. S. Depart mint of Commerce 

UltrasonicB 

Bv Benson Carun. Pp. 270-f xi, Figs. 160, 'Fables 8, 15X23 
cm. McGraw-Hill Book Company, Inc., New York and 
London, 1949. Price $5.00. 

This book is primarily concerned with ultrasonic wave propaga¬ 
tion as a means for the detection and location of flaws in the 
fabricated products of industry. A few biological and chemical 
effects of ultrasonic waves are briefly noted, but no reference is 
made to the manifold uses of piezoelectric crystal oscillators in the 
measurement of the physical properties of matter. The book 
constitutes a useful first reader for one previously unfamiliar with 
the subject who wdshes to utilize ultrasonic phenomena in indus¬ 
trial, chemical or biological research. The text, which is entirely 
non-malhcraatical, is praiseworthy throughout for clarity of 
exposition, but for practical purposes must be supplemented by a 
considerable knowledge of electronics. 

The first two chapters are devoted to descriptions of the 
propagation of plane longitudinal and transverse elastic waves in a 
homogeneous, isotropic medium, and the reflection and refraction 
of these waves at a plane interface between two such media. 
Propagation in anisotropic media is not mentioned. Chapters III 
and IV deal with the pre^mration and mounting of plane, curved 
and focusing piezoelectric crystal plates suitable for the produc¬ 
tion and detection of various types of ultrasonic beam in specimens 
with plane or curved surfaces, and with means for coupling the 
crystal to the work. 

Explanations of the w'ays in which the phenomena of resonance 
and of pulse reflection may be employed for the measurement of 
the thickness of specimen plates are given in Chapter V. The text 
of this and succeeding chapters is admirably illustrated with clear 
schematic electronic circuit diagrams and well-conceivetl functional 
block diagrams. Chapters VI and VII are concerned with the 
testing of materials for flaws by means of continuous and pulsed 
ultrasonic wave trains. Brief reference is made to submarine and 
seismic echo ranging. 

Chapter VIII will be of particular value to those interested in 
the use of ultrasonic phenomena in chemical or biological research, 
for it deals in adequate detail with the production of high power 
ultrasonic beams in liquids. The phenomenon of magnetostriction 
and the construction of magnetostriction oscillators and receivers 
are discussed in Chapter IX. 

The book closes with a brief review, derived from the authors 
personal experience, of certain practical considerations in the 
application of ultrasonics to flaw testing. It is the opinion of the 
reviewer that the value of the l>ook to workers in this, its primary, 
field of interest would have been much enhanced if the final 
chapter had been greatly enlarged and more profusely illustrated 
with typical oscillographic records. 

S. L. Quimby 
Columbia University 

Radioactive Measurements with Nuclear Emulsions 

By Herman Yagoda. Pp. 356, Figs. 75. J. Wiley and Sons, 
Inc., New York, 1949, $5.00. 

Photographic emulsions were instrumental in the discovery, by 
Becquerel, of natural radioactivity. In the subsequent study of the 
natural radioactivities, and in their application in many fields, 
photographic emulsion techniques have played a major role, 
proCBoding in two directions—detection of the radiations by the 


blackening*which they produce, and the development and use of 
special emulsions, known as nuclear emulsions, capable of recording 
tracks of individual particles. Because of the short range, in the 
emulsions, of charged particles of moderate (non-relativistic) 
energies, the study of individual tracks involves special micro-^ 
scopic observation and recording techniques. 

White the potentialities, inherent in the use of nuclear emulsions 
for the study of nuclear reactions, were recognized quite early (for 
instance, by M. Goldhal>er and co-workers in 1936) the available 
emulsions have been, until just a few years ago, unable to compete 
with other charged particle recording devices, such as the cloud 
chamber. Nevertheless, emulsions were used for the study of 
radioactivity in many other fields. In the intervening years, im¬ 
portant advances in nuclear emulsion techniques were made as a 
result of the pioneer investigations of Wilkins in this country, of 
Blau and Wambacher in Europe, and of Zhdanov and Perfilov in 
the USSR. 

In recent years, the nuclear emulsion technique has seen a re¬ 
markable revival as a result of the improvements in emulsions, 
largely through the efforts of Occhialini, Powell, and co-workers. 
The new nuclear emulsions are more sensitive, enable discrimi¬ 
nation between different particles, and can be used to provide a 
quantitive measure of the charge, mass and energy of the chargerl 
particle responsible for the track. Developed primarily as a result 
of pressure from workers in nuclear physics and cosmic rays, having 
already to their credit the discovery of the pi-meson and the heavy 
nuclear component in the primary cosmic radiation, nuclear 
emulsions are today being fruitfully applied in many fieltls. 

Within the past year, the sensitivity of nuclear emulsions has 
been further improved to the extent of being capable of recording 
charged particles of all energies. “Minimum ionization” emulsions 
arc comparable to cloud chaml>ers operated at high pressures 
('^KXX) atmospheres). Their use has already led to the observation 
of showers of relativistic particles associated with cosmic-ray 
induce<J nuclear disintegrations. These new emulsions should be of 
major importance in tracer studies involving artificial beta- 
radioactivity. 

Reports on the use of nuclear emulsions in radit)activity studies 
are^dely dispersed through the periodical literature. A wealth of 
useful information, concerning the properties of emulsions, is 
collected in C. E. K. Mees's encyclopoedic “Theory of the Photo¬ 
graphic Process;” the application of nuclear emulsions to nuclear 
and cosmic-ray studies is admirably rlescribed in “Nuclear Physics 
in Photographs” by C. F. Powell and G. P. S. Occhialini. The 
volume reviewed herein discusses the application of nuclear 
emulsions to a variety of fields—nuclear physics, radiochemistry, 
geology, geochemistry, metallurgy, minerology, crystallography, 
biology, and cosmic rays. The author appears to be particularly 
well qualified for an undertaking of such broad scope, having 
himself contributed in most of these fields. 

Chapter 1 contains a painstakingly thorough and interesting 
review of the history of the development of photographic emulsions 
as applied to the study of radioactivity and a brief, but complete, 
summary of the effects which produce a photographic image. 

Chapter 2 discusses the scintillation method for detecting 
charged particles, and its similarity to the emulsion technique. To 
this reviewer, the similarity seems rather far fetched; the cloud- 
chamber method, for instance, is much more similar. 

Chapter 3 describes in detail many useful methods of source 
preparation, of sample exposure, and of processing emulsions. The 
summary of processing techniques is quite complete, but a more 
detailed discussion of hot-cold techniques for processing thick 
emulsions and a discussion of the possibilities of physical develop¬ 
ment would have added to the usefulness. 

Chapters 4-9 contain a thorough discussion of the detection of 
alpha-particles, and of the application of emulsions to the study of 
alpha-radioactivity. 

Chapters 10 and 11 cover beta-ray autoradiography, with 
applications to biology and metallurgy. Also included, is a brief 
summary of the methods of slow neutron radiography. 
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Chapter 12 summarizes recent work in nuclear physics and 
cosmic rays. In contrast to the subjects treated in other chapters, 
the work in nuclear physics and, especially, co^ic rays is in the 
earliest stages. Already, some of the quoted results have been 
superceded. For instance, the evidence for the existence of the 
neutretto, based on the first measurement of the pi- to mu-meson 
mass ratio, is no longer believed. It is necessary to object to the 
author’s discussion on one point: The double star (binery evapora¬ 
tion), observed by Leprince-Ringuet and co-workers, is by no 
means the same event as the relatively frequently occuring star- 
sigma-meson-star phenomenon. In the former, both stars appear to 
result from the capture of a slow meson which, if true, is strong 
evidence for the existence of a meson still heavier than the pi. 

This book is a useful addition to the literature on nuclear 
emulsions. The complete list of references, liberally refered to 
throughout the text, is especially useful. While the author’s wide 
range of interests makes for constantly interesting reading, it is 
also the source of the book’s greatest weakness-^its diffuseness. 
Some of the material, like the chapter on scintillation techniques, 
could have been omitted. On the other hand, the beautiful work on 
pleochroic halos, recent developments in automatic scanning, 
recording, and grain counting, and the effects of low temperatures 
on track fading are given only cursory treatment or completely 
omitted. Although practically all the available information on 
processing and measuring techniques can be found in this hook, it 
would have been helpful if the organization had been such that all 
of this material appeared in a single chapter. 

Bernard T. Feld 

, Massachuseils Institute of Technology 


Scientific and Industrial Glass Blowing and Labo¬ 
ratory Techniques 

By W. E. Barr and V. J. Anhorn. Pp. 388, 212 illustrations. 
Instruments Publishing Comf>any, Pittsburgh, 1949. Price 
$ 6 . 00 . 

In the Preface the authors state, that “In presenting this lx>ok 
wc ore attempting to fulfill three objectives. First, it is necessary 
to point out and describe characteristics of various laboratory 
glasses as well as fundamental techniques involved in handling 
glass. . . . Our second object is to present advanced techniques as 
the application of high vacuum, silvering and the evacuation of 
glass jackets to the construction of glass equipment. . . . Several 
condensation pumps which arc used with mechanical vacuum 
pumps are described along with auxiliary equipment needed in 
vacuum work. 

“Our third objective is to describe glass equipment for specific 
applications in the laboratory.” 

These objectives have been amply fulfilled in the small book of 
380 pages, which is a veritable compendium of information for the 
experimenter and it should be of substantial help in the design and 
construction of all manner of glass and qtxartz devices and equip¬ 
ment. 

The first eight chapters contain a detailed description of the 
technique of making glass seals, tube bends, spirals and glass to 
metal seals. The next three chapters deal with glass vapor pumps, 
vacuum gages, and the technique for obtaining high vacuums. 

The only criticism (which is of a minor nature) that the reviewer 
would wish to make is that the Knudsen equation on page 225, for 
the resistance to flow of a tube, is only approximate and involves 
large errors when applied to relatively short lengths. 

Complete descriptions are given of the construction of mercury 
vapor lamps (for the production of ultraviolet) and fluorescent 
lamps. The transmission coefficients for various wave-lengths are 
given for a number of glasses and also information on the composi¬ 
tions of fluorescent materials. 

Chapter 12, Gas Adsorption Apparatus for Measuring Surface 
Areas, 13, The Modified Menzies-Wright Molecular Weight 


Apparatus, and 14, Swietoslawski Ebulflometers, have been 
written in collaboration with members of the Mellon Institute of 
Industrial Research and describe particular applications of glass . 
equipment. 

The last chapter deals with the design and construction of 
distillation equipment for fractionation of different organic liquids. 

The book can be highly recommended as an invaluable aid to 
experimental work in chemistry, physics and even biology. 

Saul Dushuan 
General Electric Company 


Photoelectricity and Its Application 

V. K. Zworykin and E. G, Rambero. Pp. 494, Figs. 780. 

John Wiley & Sons, Inc., New York, 1949. Price $7.50. 

Photodectricily and Its Application is a survey of the field of 
photoelectric effects, their history, theory, and application. The 
primary emphasis is placed upon the theory, construction, and 
uses of photoelectric devices. This fact, and the broad scope of the 
underlying, have resulted in a descriptive rather than an ana¬ 
lytical presentation of material. In a series of well-written and 
l^eautifully illustrated chapters the authors have described the 
construction and operation of multipliers, image tubes, and camera 
tubes. Television, picture transmission, and sound reproduction 
systems are treated in lucid and complete fashion. The miscel¬ 
laneous uses of photocells as tools in science and industry are 
described with careful attention to the problems of amplification 
and noise in photocell circuits. 

Two brief chapters arc devoted to photovoltaic and photo- 
conductive cells. The discussion of modern photoconductive cells 
is particularly timely; some characteristics of the lead sulfide cell 
which is of particular importance for infra-red work are given. It is 
unfortunate that so much data on this cell are still classified. One 
also regrets that the recent published material on lead seJenide and 
telluride cells missed inclusion in this book. 

The materials, apparatus, and methods for construction of 
photocells are described in two short chapters. These chapiters 
contain a review of high vacuum technique, which is too brief to 
be of much practical value to the working physicist. Although the 
common types of gauges and pumfw arc described, critical com¬ 
ment and performance data are lacking. The problems of the re¬ 
search worker who wishes to obtain the best possible vacuum are 
given scant attention. 

The treatment accorded the fundamental theory of photocmis- 
sion from metal surfaces is most disappointing. In a book devoted 
chiefly to engineering applications one is prepared to accept a 
somewhat perfunctory discussion of fundamentals but not a com¬ 
pletely inadequate and distorted picture of modem achievements. 
The authors quickly survey the well-known history of pioneer 
work which culminated in Millikan’s verification of the Einstein 
equation. Only passing reference is made to the classic work of 
Fowler and no mention is made of the theoretical and experimental 
work of DuBridge and his coworkers which is surely the most im¬ 
portant contribution to an understanding of photoemUsion since 
Millikan’s research. The authors make the curious statement 
(p. 28) “In the study of photocmission, the existance of the toil of 
the distribution curve plays a minor role, ...” Considering the 
large amount of fruitful labor which has gone into the study of 
energy distribution curves and the temperature dependence of the 
photocurrent as excited by near threshhold radiation, this assertion 
cannot be accepted. 

The inadequacy of the present volume in its treatment of the 
fundamentals of photoemission is the more keenly felt because the 
standard American text on the subject, Hughes and DuBridge's 
Photodectric Phenomena^ is now out of date. One can only hope 
that there will soon appear as adequate a treatment of funda* 
menUls as the present volume offers of engineering applications. 

Robert J. Maursx 
Cama$k InMnk of 
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Principles of Mechanics 

Second Edition. By John L, Synge and Byron A. Griffith. 

Pp, 5304-xvi, Figs, 164. McGraw-Hill Book Company, Inc., 

New York, 1949. Price 15.00. 

The second edition of this excellent elementary text is substan¬ 
tially the same as the original. The principal revision is a major 
change in the treatment of the motion of a charged particle in 
an electromagnetic field. A detailed description of the method for 
finding the principal axes of inertia of a rigid body has been added. 
Small changes, usually short additions, have been made at some 
other points, mainly in the treatment of the motion of rigid bodies 
and in discussions of dimensions and units. A few new exercises 
have been added and minor corrections made. All in all, old friends 
of the book will probably find that the changes made are summar¬ 
ized adequately by the statement that about 16 new pages have 
been added to the 514 very satisfactory old ones. 

For the benefit of those not familiar with the first edition, a 
brief statement of the ground covered will now be attempted. 
The first half of the book is entitled *Tlane Mechanics” and treats 
the easier topics, in particular those not involving vector cross 
products. About 35 pages are devoted to the foundations of 
mechanics, 80 to statics, 10 to kinematics, 100 to dynamics of 
particles, rigid bodies, and systems, and 15 to impulsive motion. 
In general, only motions in a plane or parallel to a fixed plane are 
considered although the generalization to unrestricted three-di¬ 
mensional motion is usually given in cases where it is easy. The 
second half of the book is entitled ''Mechanics in Space” and con¬ 
tains the three-dimensional treatment of topics requiring vector 
cross products as well as topics regarded as less elementary than 
those treated in the first half. About 15 pages are devoted to the 
algebra of vectors, 60 to statics, 120 to dynamics of particles, 
rigid bodies, and systems, 15 to Lagrange's equations, and 25 to 
the special theory of relativity. Finally, there is an appendix on 
the theory of dimensions. 

The topics usual to an undergraduate course in mechanics arc 
treated in a manner that may be inferred from some random ob¬ 
servations. Normal modes of vibration are introduced in connec¬ 
tion with conservative systems having two degrees of freedom but 
no mention is made of normal coordinates. The static bending of 
beams is considered briefly but the vibration of strings is not. 
'Fhc motion of a pendulum is treated by means of elliptic functions 
but the discussion of resonance in the case of the damped harmonic 
oscillator is passed over superficially in six lines. The study of 
motion under central forces covers planetary orbits, the stability 
of circular orbits with general laws of force, and the study of 
apsides. The form of Lagrange's equations used contains the 
generalized forces but generalized momenta, ignorable coordi¬ 
nates, Hamilton’s principle, and the Hamiltonian function are not 
mentioned. Unusual, and welcome, topics are the brief treatment 
of the relativistic motion of a particle in one space dimension and 
the discussion of the motion of a charged particle in a static elec¬ 
tromagnetic field with particular emphasis on electron optics. 

The mathematical preparation demanded of the student in¬ 
cludes a fair knowledge of calculus and analytic geometry and 
some elementary differential equations. Vector algebra and differ¬ 
entiation of a vector with respect to time are used extensively but 
no previous knowledge is required. 

The outstanding feature of this book is the painstaking care 
with which the student is helped over difficulties. The various 
difficulties are isolated and treated one at a time. Analogy and 
example are ably used to guide the students’ thinking and break 
the monotony of a too formal treatment; but they are never sub¬ 
stituted for proofs. The division of the book into two parts enables 
the authors to treat first the simpler as|>ectB of mechanics. With a 
framework thus provided, it is possible to motivate the explana¬ 
tion of the more difficult details of three-dimensional mechanics 
l)efo» they cause trouble. 

An alnmt necessaty consequence of these desirable features is 
the ikei that this book covers less material per page than many. 


Also one could lose sight of the forest in the explanation of the 
trees if it were not for the excellent summaries at the ends of the 
chapters and the summarizing sections scattered through the 
chapters. The reviewer has the feeling that while the explanations 
are certainly clear and should be very helpful to the average 
student, they do not always appear to penetrate as deeply as be * 
would desire. The division into two parts means that there is 
much backward reference of the second to the first. 

Since Lagrange’s equations come at the end, the student gets no 
real chance to apply them. One wonders why the authors do not 
follow their own advice and introduce them earlier. Then perhaps 
some of the other material could have been jetisoned to make 
room for a discussion of general constants of motion and other 
more advanced and powerful techniques. 

The reviewer feels that there are but few minor criticisms to be 
made. It would seem that one could find more convenient symbols 
than q for velocity, P for force, h for angular momentum, and G 
for torque. While the many problems at the ends of the chapters 
arc very good and will undoubtedly be useful even to teachers 
who do not use the book as a text, a few problems in which the 
solutions were numbers rather than letters should emphasize that 
mechanics can be physics rather than mathematics. The physical 
form of the book is the usual excellent product that one expects 
from its publisher. 

This book should have a very great appeal for teachers of under¬ 
graduate mechanics courses that come to a climax at Lagrange’s 
equations provided they prefer full explanations to conciseness. 
The care with which difficulties are explained and the various 
possible points of view made clear mean that it is particularly to be 
recommended for those studying alone. Even teachers who wish 
to cover much material not in this book may find it a desirable 
text or reference since its use should cut to a minimum the class 
time devoted to topics it covers. 

Lf.verett Davis, Jr. 

California Institute of Technology 

On the Theory of Stochastic Processes and Their 
Application to the Theory of Cosmic Radiation 

By Nif.ls Arixy. Pp. 240, Figs. 53. John Wiley and Sons, 
Inc., New York, 1949, Price $5.00. 

Crudely speaking, a stochastic process is any sefiuence of events, 
which can be described by the methods of the theory of probability. 
The theory of stochastic processes can be regarded as one of the 
sturdiest achievements of modern mathematics. However, the 
theory is not yet very widely known among physicists. There seem 
to be two reasons for this situation: the lack of books on the theory, 
written in such a way as to be accessible to physicists, and the lack 
of experiments which require the use of the theory. The lack of 
experiments is really only apparent as is evident, for example, 
from the increasing use of the ‘Monte Carlo’ method in describing 
the degradation of high energy radiation in passing through 
matter. On the other hand, the lack of books suitable for physicists 
on the theory of stochastic processes is real, and the ap()earance in 
this country of Professor Axlcy’s book is quite opportune. 

The book was published originally in 1943 as a doctoral thesis 
at the University of Copenhagen. Its second printing seems to have 
been done by a lithographic process, but only one of the reproduc¬ 
tions has suffered very much as a result. 

The book is divided into two parts. The first, a mathematical 
part, is devoted to an exposition of the theory of stochastic proc¬ 
esses. The first chapter gives a survey of the theory in which the 
fundamental equations of propagation of probability are written 
down in both differential and integral (Chapman-Kolmogoroff) 
form. One might have hoped, here, for a slightly gentler introduc¬ 
tion to the jargon of set and measure theory, but perhaps the 
missionary zoai required to write such an introduction for physi¬ 
cists would have been out of phase in a doctoral thesis, particu¬ 
larly in a doctoral thesis published in Scandinavia. Ch^ters 2 
and 3 are devoted to existence and uniqueness theorems for one- 
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dimensional and multi'dimensional stochastic processes. Together 
with an appendix, Chapter 7, these chapters are an exposition of 
an important extension of the original work of Feller and Lund- 
berg on so-called discrete stochastic processes. 

The second part of the book, a physical part, applies the gen¬ 
eral theory of stochastic processes to one of the most interesting 
questions in the theory of cosmic rays; the problem of fluctuations 
in the number of particles occurring in the cascade showers. 
Chapter 4 is devoted to the discussion of various statistical 
models of a cascade shower. The models of Bhabha and Heitler, 
of Furry, as well as a general model of the author are considered. 
The last model, the Arley model, has several advantages over the 
earlier ones. However, it is so complicated that its pr^ictions are 
difficult to obtain in numerical form. The concluding portion of 
Chapter 4 gives a useful method of approximating the solutions of 
the Arley model. Chapter 5 is a brief survey of the theory of cosmic 
radiation, confined mainly to the theory of the soft component. 
Finally, in Chapter 6, the various models of a soft shower are 
applied to pretlict the probability of a given number of electrons 
appearing under a given thickness of matter if the shower is 
initiated by the entrance of a single photon or electron. The pre¬ 
dictions are compared with the experimental data, fragmentary 
in 1943, and still inadequate now. The results are in fair agreement 
with the Arley model. 

The book is an interesting and useful contribution to the litera¬ 
ture of mathematical physics, which can be recommended to all 
physicists who can afford it. 

A. S. WlGHTMAN 
Princeton University 

Modern Operational Calculus with Applications in 
Technical Mathematics 

By N. W. McL^ciilan. Pp. 218, Figs. 29, Macmillan and 
Company, New Vork, 1948. Price $5.00. 

In the preface the author states that this book is intended to 
serve as an introduction to modern operational calculus for post¬ 
graduate engineers and technologists. For this reason the book is 
divided into two main parts. The first seven chapters, constituting 
the main body of the text, introduce the operational calculus and 
show how the theory is applied to physical problems. The second 
part contains six appendices of a mathematical nature designed 
to help the type of reader who lacks the mathematical theory for 
understanding the main body of the text. In addition the second 
part contains a set of problems designed to give facility at using 
the theory and also a short list of Laplace transforms. 

The author states that the standard of rigor used in this book 
is higher than is usual in books directed towards the class of 
reader mentioned above. In his 4 >reface he makes a rather elegant 
plea for maintaining the standard used in this text. Such topics as 
the convergence of infinite series and integrals are handled with 
care and dealt with at some length throughout the text. 

In the first chapter the Laplace transform tp{p) of a function 
}{i) is defined by the integral 

and this definition agrees with the so-called Heaviside operational 
form. This definition differs from that commonly us^ by the 
majority of mathematicians as they usually employ the same defi¬ 
nition without the use of the external In view of the wide¬ 
spread use of the methods of the Laplace transform theory it 
would be useful if a standard definition and notation were adopted 
and adhered to in all future writing on the subject. 

After dealing with some of the analytical properties of the 
transform the author goes on, in the second chapter, to derive 
many of the rules of operation of transform. In addition to the 
usual rules of operation two new theorems on transforms of func¬ 
tions of the type /(/)df and/(a(f*—6*)*) are obtained. 


The first application of the theory is made in the third chapter 
where the theory is applied to obtain operational solutions of 
linear diflereniial equations with constant coefficients. Physical 
applications are illustrated by means of electrical network problems. 
The next chapter applies the theory to partial diflerential equa¬ 
tions and the diffusion equation is used to show how the theory is 
applied in a concrete case. Physical applications of the chapter 
include the problems of plane sound waves in a viscous medium 
and compressional shock waves. The last application of the theory 
occurs in the fifth chapter in which evaluation of integrals and 
derivation of mathematical relations are discussed. 

The sixth chapter is again of a mathematical nature and is 
designed to illustrate, by examples, several methods of finding 
Laplace transforms of functions. In this chapter the Mellin in¬ 
version integral is introduced for the first time. 

When the text is read as a whole, one can hardly fail to see the 
predominant part played in the illustrative examples by Bessel 
functions. The reviewer feels that in an introductory l>ook of this 
type more applications involving elementary functions could have 
been used to better advantage. 

Max Wyman 
University of Alberta 

% 

The Atmospheres of the Earth and Planets 

Edited by Gekard P. Kuiper. Pp. 366, Figs. 91, 16 plates. 

University of Chicago Press, Chicago, 1949. Price $7.50. 

This book contains the contributions presented at a Symposium 
on the Atmospheres of Eartli and Planets, sponsored by the Uni¬ 
versity of Chicago on the occasion of the fiftieth anniversary of the 
Verkes Oliservatory. The Ixiok is unusually up to date, because 
the majority of the eighteen contributors have revised their manu¬ 
scripts after the symixjsium meetings. The authors range ail the 
way from specialists in meteorology, geology, chemistry, and high 
altitude research to theoretical astrophysicisls, stellar and solar 
spectroscopists, meteoriticists, and binary star specialists. Because 
of the variety of viewpoints and also because of the wealth of 
material presented, thi.s l>ook is difficult to review, albeit an ex¬ 
citing one to read. It covers only those aspects of the earth^s 
atmosphere that can be compared with planetary atmospheres in 
general. The large subject of the ionosphere and related solar 
phenomena are, in part, summarized in the Introduction. In¬ 
terested readers will want to consult another recently published 
symposium book sponsored by astronomers: Centennial Symposia, 
Harvard Observatory Monograph No. 7, Cambridge, Massachu¬ 
setts, 1948. The question of life on other planets can be settled— 
short of planetary exploration expeditions—only through the 
study of planetary atmospheres, and this problem has been the 
motive for much of the work on planetary atmospheres described 
in this volume. 

Kuiper’s introductory chapter is followed by Rossby's account 
of our present knowledge of the general circulation of the lower 
atmosphere in the [ight of the technological advances of the past 
fifteen years and of recent military demands for global weather 
information. Rossby and his fellow workers have found a great 
meandering river of air near the tropopause at the northern edge 
of the trade wind region, moving from west to east with speeds 
recorded up to 250 miles per hour. Since the study of planetary 
atmospheres can be made only by means of the radiation received, 
the study of the optical properties of planetary atmospheres is 
of first importance and is the subject of Chapter III, written by 
Van de Hulst. This chapter, dealing with a wealth of phenomena, 
relates theory to observation and suggests future observational 
needs. 

Chapter IV by Greenstein, Clear man and Durand is concerned 
with the V-2 rocket program and will probably be the chapter of 
greatest interest to the majority of readers. Astronomers will be 
particularly interested in the extension of the ultraviolet spectrum 
of the sun down to 2200A and the exciting possibilities of observa¬ 
tions which could be realized with improved, and more compli- 
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Gated, instrumentation. Whipple, Jacchia and Kopal report on 
seasonal variations in the density of the upper atmosphere as 
determined from meteor observations. Swings gives a well- 
documented account of the spectra of the night sky and the aurora 
and a long list of future observational needs. Spitzer considers the 
spray region of our atmosphere, or ‘^cxospherc,’^ and shows that 
the temperature of the critical level at the base of the exosphere 
is all-important in determining the rate of escape of a planetary 
atmosphere. Chamberlin^s paper on the geological evidence in the 
history of the earth's atmosphere demonstrates that changes in its 
composition must have been relatively small throughout geological 
history. Brown’s paper however, indicates that the earth’s at¬ 
mosphere is almost entirely of secondary origin, and that it was 
formed as the result of chemical processes that took place sub- 
setjuent to the formation of the planet. Papers by Adel and 
Migeotte show that infra-red spectroscopic observations of the 
sun are a powerful means of analyzing the earth’s atmosphere. 
Adel identifies nitrous oxide and tentatively identifies HDO and 
Migetitte has discovered methane in our atmosphere. The classical 
investigations of the atmospheres of Mars and Venus made with 
the Coude spectrograph of the l(K)-inch telescope at Mt. Wilson 
by Adams and Dunham is described by Dunham in Chapter XI. 
This work culminated in the discovery of carlxin dioxide on Venus 
and further indicated that the amount of water vapor and oxygen 
in the Martian atmosphere is less than 0.15 percent of the amount 
in the earth’s atmosphere. 

Chapter XII, a survey of planetary atmospheres by Kuificr, 
is undoubtedly one of the most interesting chapters in the book, 
giving as it does some of the conclusions reached by him as a 
result of observations w'ith an infra-red spectrometer using a lead 
sulfide photoconductive cell. Two conclusions of interest are (1) 
that the bright desert regions of Mars are composed of igneous 
rode similar to felsite, and (2) that the Martian polar caps are not 
composed of carbon dioxide but are almost certainly composed of 
HtO frost at a temperature much below freezing. Kuijier pro¬ 
visionally concludes that Saturn^s rings are covered by frost, if 
not composed of ice. The suggestion is made that perliaps the five 
inner satellites of Saturn, with very high albedos, and densities 
near unity, arc composed of ice. This chapter indicates the need 
for the development of a much more sensitive infra-red detector. 

The interpretation of planetary spectra is peculiarly dependent 
on producing similar spectra in the laboratory, necessitating the 
design of low pressure, multiple reflection, spectrographs. Such an 
instrument, allowing optical paths of over three miles, is described 
by Herzberg in Chapter XIII and some of the results are given. 
In the last chapter, Franck discusses Kuiper’s infra-red observa¬ 
tions of the green areas of Mars. Although the reflection spectrum 
is somewhat similar to that of lichens and mosses, another possi¬ 
bility is suggested, namely that the variation of color with the 
seasons may be due to a change in the degree of hydration of 
minerals or salts concentrated near the equator of Mars. 

A surprising number of the papers show a militaristic stimulus, 
either through the use and application of war-developed tools and 
instruments (e.g., the V-2 rocket, radar devices, the Cashman cell, 
the multiplier phototube) or through the sponsorship by the mili¬ 
tary of programs of scientific investigation. With bombers norm¬ 
ally operating at the 40,000 foot level, and rockets and guided 
missiles reaching 50,100 and 200 miles altitude, there will be every 
incentive to learn as much of the nature of the earth’s atmosphere 
as possible, with money available for even fantastically expensive 
projects. 

John B. Irwin 

Indiana UniversUy 

Quantum Mechanics 

By Leonard I. Schief. Pp. 404-hxii, Figs. 30, McGraw-Hill 

Book Company, Inc., New York, 1949. Price $5.50. 

The classes in quantum mechanics are large these days, and 
there is real need for a text in a large class, more, perhaps, than 


in older times, when a scant dozen students took the course at 
even the biggest graduate departments of physics. The text is 
bard to find; those available on the American market tend to be 
careful discussions of principle over a rather narrow range of 
application, or very general treatises without, much attention 
to the approximate methods and to the many particular formula¬ 
tions which represent the stock in trade of the quantum mechanical 
calculator. The present book is the first in America to fill the gap; 
it covers exactly the most Used fields of application for physicists, 
with real attention to the methods for the handling of detailed 
problems. The spirit of the book is heuristic nearly throughout; 
those who seek mathematical rigor and completeness will not 
£nd it. But the reader will find something which most physicists 
value much more, a thorough physical discussion of what lies 
behind the formalism of the theory. 

The text begins with a brief but clear account of the underlying 
ideas of quantum mechanics, a very Copenhagen-like account of 
complementarity and its implications. The Schrodinger equation 
is then built up by a series of plausible generalizations, checked 
step by step through the examination of their consequences. 
Finally the general interj^retation of operators as dynamical 
variables is achieved and the usual treatment of the properties 
of complete normal orthogonal sets given. Especially well done is 
the discussion of normalization in terms of conditions at great 
distances, both for discrete and for continuous ranges of eigen¬ 
values. The normalization in a box is adopted at an early stage. 

Two typical eigenvalue problems, the harmonic oscillator and 
the angular part of the central force problem, are given in detail. 
The spherical harmonics are introduced here, and later are shown 
to be the basis for representation of the angular momentum mat¬ 
rices. The hydrogen atom solutions are given, but the hydrogen 
wave functions are not discussed at adequate length for most 
students. 

The treatment of collision theory, so very important for physi¬ 
cists, is unusually complete. The method of partial waves is done 
out for potentials of finite range and for the Coulomb potential. 
The familiar time-independent and time-dependent perturb^on 
methods are all done in some detail, with the treatment of the 
Born approximation and its connection with the Green’s function, 
and the WKB method, dona a la Langer, being especially good. 
The calculation of the location of ions along the track of an elec¬ 
tron whose wave function is a plane wave is not usual, and well 
worthwhile. 

A brief matrix formulation of the general transformation theory, 
and a rather well-motivated discussion of the problem of identical 
particles and of spin wave functions, complete the more general 
portion of the text. There is a short account of the problems of 
many-electron atoms, of molecules, and of nuclei. This is too 
sketchy to be of much help, except for the Thomas-Fermi and 
Hartree methods in the atomic case, and the Zeeman effect in 
alkali atoms. 

The semiclassical treatment of radiation by atoms is given, 
but that is not all. After working up through the one-particle 
Dirac theory (and its solution in the central field problem), the 
general Lagrangian theory of the second quantization of the 
Dirac and Klein-Gordon equations is given. The occupation 
number operators are obtained, and the positron theory briefly 
discussed. Then.quantum electrodynamics and its supplementary 
condition are tackled, very much according to Fermi, and the 
semiclassical theory at last justified, as well as the wave-photon 
quality for light. This whole discussion is made in a thoroughly 
non-covariant form, so that it is perhaps not enough in itself for 
students of theory who will want to become acquainted with 
relativistic language. But the three chapters concerned are indeed 
meaty, if they have not so much of the physical clarity of the rest 
of the book. * 

It would be a mistake to forget the nearly two hundred prob¬ 
lems which come at the chapter ends. Most of these are much 
more than numerical exercises; some contain very useful results. 
There is a good index, and the hook is rather free of errors; the 
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reviewer noticed only a couple of obvious misprints. A little more 
apace for graphs, diagrams, and writing out matrices would have 
been welcome; where these were given, they were excellent. 

r. Morrison 
Cornell University 

Electric and Magnetic Fields 

Third edition. By Stephen S. Attwood. Pp. 475+xi, pro¬ 
fusely illustrated. John Wiley and Sons, Inc., New York, 
1949. Price $5.50. 

The third edition of Professor Attwood's popular intermediate 
textbook contains about 10 percent more material than the second 
edition; and over 50 percent more than the original text, which was 
published in 1932. The new material includes concise discussions 
of energy density in the magnetic field, of forces on moving 
changes, of properties of diamagnetic, paramagnetic, and ferro¬ 
magnetic materials; and of Maxwell’s Equations and plane-wave 
solutions of them. A decimal designation of sections and equations 
has been adopted, the format has l>een greatly improved, the 
the values of the physical constants appear to be up-to-date, and 
there are some changes in notation designed to agree with modern 
standards and/or conventions. A few changes and additions have 
been made in the problems. The order of presentation remains the 
same; The Electric Field (Chapters 1-8), The Magnetic Field 
(Chapters 9-15), and Combing Electric and Magnetic Fields 
(Chapter 16); and three appendices on units and dimensions, 
atomic theory, and history. 

The major change in the new edition is the emphasis throughout 
on the fn.k.s. rationalized system of units. These units arc used 
not only throughout the analytical material but also for tabular 
and graphical data on ferromagnetic materials. To one who has 
been engaged for the past 12 years in proselytising students and 
associates alike in the use of rationalized m.k.s. units, this whole¬ 
hearted acceptance of the system by an author whose book is 
directed to students who will later study both communications 
and machinery, Is a particularly good omen. Is it too much to 
hope that sometime in the future the catalogs of manufacturers 


of ferromagnetic materials will lie devoid of such phrases as 
ampere-turns per inch, kilolines per square inch, ohms per mil foot, 
and watts per pound? 

Ideas often obscure to students are handled with extreme care; 
for examples the discussions of the concept of potential gradient, 
and of the properties of singular points. Similarly when Professor 
Attwood proceeds from the step-by-step production of the hys¬ 
teresis loop of a ferromagnetic material to the production of a 
loop on an osdDoscope by applying alternating current to 
the coil of the sample, he carefully identifies the result as a hystero- 
eddy-current loop. The same care and clarity permeate the entire 
book in the form of extraordinarily clear reproductions of drawings 
of field lines and equipotential. The book has been justly prais^ 
for these fine drawings in all editions. 

There are minor points open to adverse criticism. Boldface type, 
or other distinctive marking, is not used for vectors; eejuations 
simply have {vector) printed after them and there is no way to 
tell which symbols of such equations represent vectors, and which 
scalars. There is an over-emphasis of the Bohr atomic model and 
a corresponding under-emphasis of the idea of electronic energy 
levels that can be accepted without setting up a mechanical model. 
Use is made, without detailed explanation, of the unconventional 
integration of (—//) counterclockwise around a current, instead 
of the convenlionki integration of H clockwise around the current. 
Conduction currents in metals are alleged to correspond to elec¬ 
tronic drift velocities of 40 cm per sec. (first edition), 10 cm per 
sec. (second edition), 1 cm per sec. (third edition); these velocities 
are usually 3 orders of magnitude less than the average of these 
values. The dielectric properties of the recently investigated ti- 
tanates and the properties of electrets are not discussed. 

But these latter items simply represent the caviling indulged in 
by the reviewer who insists on proving that he has examined the 
book carefully. Professor Attwood’s new edition is excellent. It 
will stimulate students and teachers. It seems likely to extend its 
usefulness and to continue to grow effectively as it has since it 
was first published 17 years ago. 

S. Reid Warren, Jr. 

University of Pmns^vania 
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Modification of X-Ray Diffraction Micro-Camera 
to Permit Study of Long Spacings 

M. E. Bbrgmann and I. Fankuchbn 
Polytechnic In^ituie of Brooklyn, Brooklyn, Now York 
June 16, 1949 

I N this note we describe some modifications of the camera 
originally designed by F. G. Chesley,* which we have found 
useful in our work. This camera is now available commercially 
from North American Philips Company. 

For work with fibers and with biological specimens it is often 
desirable to be able to obtain details of the diffraction pattern 
corresponding to longer spacings than are available with the 
original camera design. An increase in the specimen-to-film dis¬ 
tance can be achieved (a) by moving the film holder back toward 
the rear of the camera and (b) by rebuilding the front part to move 
both the slit system and the specimen holder forward. 

In (a) we eliminated the extension tube by building a new small 
cassette which fits directly into the tube which normally holds the 
extension tube.* In (b) we replace the front part of the camera by a 
new part having the same dimensidfis as the old part, except for the 
depth which was increased. The slit system and the specimen 
holder can be inserted into the new part without mechanical 
modification. The maximum depth of the new front part is limited 
by the necessity of aligning specimen and slit under the microscope 
and by intensity considerations. By making both of these modifi¬ 
cations and by using x-rays of different wave-lengths wc liave been 
able to obtain spadngs in excess of lOOA. 

It is not always advisable to evacuate the camera to eliminate 
air scattering. Most of the scattering which blackens the central 
portion of the film occurs directly in front of the film. We were able 
to eliminate most of this central blackening by pushing a trap from 
tht back of the cassette through the film so that it protrudes ap¬ 
proximately l.S mm beyond the film. This trap, which was made of 
brass, has the incidental advantage of holding the film more rigidly 
in place. 

In use it was necessary to clean the slit rather frequently with 
the help of the tungsten wire supplied with the camera. The 
Cellophane vacuum seal, which was originally plac ed directly over 
one end of the glass capillary, will be punctured during the clean¬ 
ing. The seal should, therefore, be placed on the outside of the 
camera. 

Calibration of the spedmen-to-film distance should be made by 
coating the specimen with the standard substance, chosen so that 
its spacings have the right order of magnitude. Because of the 
small camera constant, errors caused by different thicknesses of the 
^cimen are more important than in ordinary x-ray cameras. 

1 F. G. Chesley, Rev. Sci. Inat. 18, 422 (1947). 

»Part* of original camera are fully dcacribed by Chealey, aee reference 1. 


High Power Short Duration Spark Discharge 

Leslie S. G. KovAsznay 

Department of Aeronautic j, The Johns Hopkins University, 
BfUtirwre, Maryland 
June 6, 1949 

S PARK photography in large supersonic wind tunnels and 
especially in ballistic firing ranges requires a large amount of 
total light output since the areas to be illuminated are rather large 
The duration of the light is required to be short and the light 
source has to be small. The three requirements inherently call for 
an extremely high brilliance of the light source, since the light flux 
integrated in time must be concentrated to a small area and short 
time interval, 
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The standard method for obtaining a spark discharge for shadow 
photography is to discharge a condenser (0.005-1 id) through a 
spark gap.* The discharge is usually of an osdUatory nature and 
the light output has an exponential type of over-all decay depend¬ 
ing on the damping characteristics of the discharge circuit. 

The duration of the light output from a discharge gap is con¬ 
trolled by two factors. One is the decay of the excitation processes 
in the luminous gas; the other is the electrical properties of the 
discharge circuit. Even if the electrical circuit were able to deliver 
instantly a finite amount of energy into the spark gap, the light 
output would decay in finite time. It is conceivable that this time 
wotild mainly depend on the communicated energy per unit mass 
of gas (erg/gram) and that higher "energy loading'’ would involve 
longer decay. This decay of light output is estimated for low 
"energy loading" to be of the order of 10** sec. 

Unfortunately, the properties of the electric circuit increase this 
time of duration by more than an order of magnitude. 

The spark gaps in general have rather small impedances (0.2-2 
ohms) and the problem is to produce high current (1000-5000 
amperes) pulses of short duration (10“* sec. or less). The high cur¬ 
rent level rules out entirely the use of cicctron-tube control. Large 
high voltage commercial condensers usually have so large a self- 
inductance that their resonance frequency is below 1 Me. On the 
other hand, the impedance of the spark gap is well below the 
resistance value for critical damping of the oscillations. Any 
damping resistor decreases the amount of energy delivered into the 
gap and if the condenser's capacity is increased in order to increase 
the stored energy, the oscillating frequency goes down and the 
duration gets longer. 

Another approach to the problem is the coaxial cable type dis¬ 
charge circuit.* The current pulse is formed by the discharge and 
extinguished by the reflected wave from the other end of the 
coaxial cable. A serious problem is encountered in matching the 
low impedance of the spark gap to the high impedance of the 
coaxial cable and it is customary to obtain the surge impedance 
required by adding a resistor in series with the spark gap. In most 
cases 90-98 percent of the energy is lost in the matching resistor. 
This fact restricts the use of this type of circuit to cases where the 
light output is a less stringent requirement than the short duration. 
7'he duration of the coaxial type spark source is claimed to be of 
the order of 10"^* sec. (although the defitudon for duration is not 
specified). 

In the present approach the following reasoning has been 
followed. A certain amount of energy is stored in the condenser. 
Using dimensional reasoning, the capacity of the condenser is pro¬ 
portional to its linear dimension and the stored energy is propor¬ 
tional to its volume. When the energy is discharged, large currents 
flow from the place of storage to the discharge gap. All these cur¬ 
rent paths produce a magnetic field. The energy stored in the 
magnetic field is proportional to the self-inductance of the system. 

Increased damping and shorter duration can be achieved by 
reducing the self-inductance. To minimize the self-inductance re¬ 
quires a geometrical arrangement confining the magnetic field to a 
small volume. 

An experimental spark gap unit was built in the Department of 
Aeronautics, The Johns Hopkins University, and the arrangement 
is shown in Fig, 1. The spark gap itself is on the axis and consists of 



Fig. 1. Concentric condinteer spark gap, 
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Fto. 2. Rotatius mirror records of various sparks. 


three electrodes. The spark discharge takes place between the two 
hollow spherically fac^ electrodes, and the spark is ^‘triggered” 
by a needle electrode. The light emerges axially through the hole 
(approx. 0,5 millimeter). The spark gap is almost identical with 
that described in reference 1. The energy is stored in the six 0,02-^^ 
condensers (Condenser Products Glassmike) totaling 0.12 tii. The 
rated voltage of the condensers for continuous use is SOOOv d.c. 
The condensers are the non-inductive type with the tinfoils ex¬ 
tending beyond the two ends. The currents are collected by the 
two annular plates, and the magnetic flux is confined to a toroidal 
space inside the condenser assembly. The estimated self-induction 
of the assembly is 0.01--0,02 /*Hy. 

The spark duration measurements were conducted in the 
Ballistic Research Lal>oratories, Aberdeen Proving Ground. The 
total light output of the assembly was slightly greater than the 
average spark station in the aerodynamics firing range. 

The total light output is sufficient for shadow pictures on East¬ 
man Kodak medium lantern slides at a distance of 5 feet, resulting 
in an average photographic density of 

The spark duration was determined by a rotating camera. 
The time record of the spark intensity was obtained % a novel 
technique, as follows: N, 

The real image of the spark was produced on the recording film, 
by a 14-in, focal length lens. With the use of a weak cylindrical lens 
and a square aperture the small light spot was pulled out into a 
thin line with uniform light intensity stretching perpendicular to 
the direction of deflection produced by the rotation of the mirror. 

The writing speed of rotating mirror was 3.1 millimeters per 
microsecond on the film. For calibration purposes a five-step gray 
filter was placed along the film attenuating the light by known 
ratios. This way a rough evaluation of the decay of light intensity 
was possible. Comparison of three sfMirk units was made. They 
follow: 

(A) Standard spark unit of the Ballistic Research Laboratories. 
The condenser is a commercial O.S-zif condenser charged 
6000 V. The spark gap is at atmospheric pressure and has 
hollow aluminum electrodes. 

(B) High pressure air gap with conventional condenser. 
Libeasart type confined air gap with G.E, O.l-^f condenser 
charged 6000 v. 

(C) Author’s spark. Total capacitance 0.12-Mf charged 6000 v. 
Gap similar to (A). 

Figure 2 shows the rotating mirror records of the three gaps. T^e 
total light outputs were of the same order although (B) ^ve 
somew^t more light than the others (attributed to the better light 
of confined air gap). The uniU on the time scale are 
mkroMconds. The records show clearly that (A) and (B) oscillate 


although (B) oscillates with a higher frequency; unfortunately for 
the record presented herein, the oscillation of (B) cannot be seen in 
the print although it is clearly visible in the original negative. 
PhotOHiensitometer readings give the approximate decay curves in 
Fig. 3. The ratio of the light intensity to its maximum intensity is 
plotted against the time. 
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Fig. 3. Decay of tight intensity at various sparks. 


A definition for duration is quite difficult, particularly when one 
recalls that an adequate record of detail in a photograph requires 
a wide range of light intensities. The range of the visual perception 
of contrast has a threshold of the order of 0.02. This suggests that 
we can define a realistic duration as the time during which the light 
intensity drops to 1/50 of its maximum value. The *‘time constant” 
of the exponential decay is definitely too short for use as a measure 
of duration rince the visual perception of contrast extends well 
beyond the point at which the light has attenuated to 1/e of its 
peak value. 

Accepting the above definition of duration, the duration of the 
three light sources are: (A) 4 microseconds; (B) 7.5 microseconds; 
(C) 0.8 microsecond. 

Author is greatly indebted to Dr. A. C. Charters and to his 
associates for helping with the experiments as well as for their 
^eat interest in this work. 


* A. C. Charters, “The spark photagraphy range," presented at the Sth 
Jntw. Congr^ for Applied Mechanics. Paris, France (September 1946). 
^S«un^^ttMthau, JLapri^, Mcf^een. Snoddy, and whitehead, J. Opt. 
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A Simple Stable D.C. Amplifier for Meaaurement of 
Bioelectric Potentials , 

John W. Moork 

Mediml ColUif of Virginia, Richmnnfi, ^'irginia 
June 3, 1040 

T O answer the need for a simple stable amplifier for measure¬ 
ment of injury potentials in research and student labora¬ 
tories, the amplifier to be described was made. It is a simplified 
two-stage design adapted from an earlier three-stage circuit. With 
a single tube power supply circuit, the whole amplifier can be 
compactly made in a standard cabinet as in Fig. 1. A schematic 
diagram of the circuit is shown in Fig. 2, 

The chief asset of this type of circuit is its very stable and linear 
operation obtained by multiple feed-back paths. This makes the 
basic design applicable to many problems other than the one at 
hand. Its features arc; (1) the cathodes of the balanced input tube 
are run at a high level above the negative supply voltage. The 
average d.c. output level contributes some feedbag against drift 
along with that of the common cathode resistor. (2) Cathode 
degeneration and output feedback insure linearity, constancy of 
amplification (from tube to tube), and low output impedance. 



(a) 


(3) The output and input arc grounded, necessitating a floating 
power supply, but no difficulties have been experienced with this. 

(4) The meter is protected from overload by saturation of the 
output stage. 

Stable operation in the presence of line voltage variation is 
obtained by the cathode fe^-back scheme. Any variation in the 
average d.c. current to the output stage applies a voltage to the 
balanced input stage in a manner that removes the variation. 
There is also considerable resistance common to the two input 
cathodes so that any variation in that stage alone can be degener¬ 
ated. With a variation of :±:10 percent in the line voltage, a slow 
{^10 sec.) drift of less than 2 percent of the low sensitivity scale 
output is observed. The usual voltage fluctuations of a power line 
are not nearly as severe as the zfclO percent and are of short 
duration, so that in usual operation, the output is quite steady. 
Where greater stability is required, in some applications of this 
type circuit, regulation of the d.c. supply voltage naturally gives 
improved performance. 

The present design for measurement of injury potentials used a 
Weston 301 galvanometer (.^OO^na—0—500 Ma) in the output. Two 
sensitivity ranges were chosen: one to give full scale deflection 
with 7S-mv input, one with 150 mv. This amplifier has been in 
constant service for almost two years and has been completely 
trouble free. The stnall resistor between the cathodes of the input 
lube gives the balance adjustment; the value given is suflicient to 
counteract the balance of the large majority of the tyf)c 6SL7 
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tubes tested.^ This amplifier was made with a 4.7*meg. input 
resistor* This has been recently increased to 10 meg. with no 
noticeable difference in performance, When the input leads arc 
open circuited, some of the poorer tubes tested gave more than the 
quoted drift for line voltage variation. However, when the input is 
connected to a source of a few thousand ohms (such as the 
bioelectric source used here), the fluctuations are greatly 
diminished. 

In the two-stage amplifier shown here, most of the gain is used in 
cathode degeneration for stability; linearity is provided at the 
same time. In order to have sufficient output gain for feedback to 
give a good integrating or differentiating amplifier, another stage 
should be employed. The extra stage (simply inserted between the 
two shown) can have its cathodes tied together and resistors in the 
plates and the common cathode about equal. With a polystyrene 
(or a good paper condenser) of a few microfarads, integration over 
a period of several minutes can be performed. 

The two-stage circuit has also been used with a photo-tube input 
to make a light intensity meter. This is suitable for determination 
of exposure time for photo-micrographs, and so on. 

The original idea for this tyi^c of circuit was developed by Mr. 
A. W, Vance of the RCA Laboratories. The amplifier described 
here has been extensively used and tested by Dr. R. W. Ramsey of 
the Physiology Department of the Medical College of Virginia. 

1 Some maters, such as Tmutsol, had a much smaller unbalance than others 
and Have more stability against line voltajcc variations. 


Geiger Tube Quenching Circuit for a Negative 
High Voltage Supply 

Richard John WArrs 

Im$ Aiamos Los Alamos, New Mtxico 

April 20, 1949 

T he following circuit (Fig. 1) illustrates a method of assbting 
the quenching action of a Gciger-MUller tube. It may be 
considered a Neher-Harper circuit with two modifications (1) a 
negative high voltage supply is used. (2) No high voltage need be 
placed across receiving type tubes not designed for this puri)ose. 
Inasmuch as the circuit was designed for portable work a 
CK569AX tube was selected. However, the method is applicable to 
heater type tubes. 

It should be pointed out that if a very high impedance voltmeter 
is placed across the electronic tube of a Neher-Harper quenching 
circuit, it can be ascertained that the tube behaves as a shunt 
regulator for the high voltage supply. This can lead to some con¬ 
fusion in the length of a G-M tube plateau since the voltage across 
the G-M tube does not change linearly with supply voltage. If 
supply voltage changes are used for plotting plateaus with this 
circuit, it then appears that the length of the plateau has been 
increaW considerably over the plateau obtained from a non¬ 
quenching circuit. 

In the present circuit one cannot expect this increment in plateau 
smee the high voltage is not across a non-linear medium. 

The operation of the circuit is as follows; The circuit constants 
are chosen such that the plate voltage in the quiescent condition 
of the CKS69AX is 70 volts. When the G-M tube fires there is 
observed across the one-megohm resistor in series with the high 
voltage supply a sharp positive pulse of voltage. This pulse is of 
the order of 100 microsec. in duration with the circuit constants 
given. The rise time of this pulse as observed with a Tektronix 
511 AD oscilloscope is less than 0.2 microsec. This sharp positive 
pulse of voltage is applied to the grid of the CE1569AX. The tube 
thareby conducts and the plate voltage goes negative sharply. 
Xnasmuch as the central wire of the G-M tube is connected directly 
to the plate of rite CZ569AX the G-M tube voltage will be thrust 
bdow threritold rapidly. 



Fig, 1. 

It should be noted that the negative pulse obtained by electron 
collection on the central wire of the G-M tube is the same polarity 
as the plate voltage drop. Thus the circuit is in a sense regenerative. 
With the circuit given, the negative voltage pulse on the anode of 
the CK569AX has been observed to be 250 microsec. in duration 
with a fall time of about 0.5 microsec. The circuit constants g^ven 
are not optimum. They were chosen with regard to reasonable 
battery drain for portable operation. The Geiger tube used was a 
standard sixe in common use with a neon-amylacetate filling. The 
tube was operated in the plateau region at 900 volts. 

♦This documeat U based on work Mrfonned at Los Alamos Scientific 
Laboratory of the University of California under Government contract 
W.7405-Eng-36. 


Extended Range D.C. Bias Control of Thyratron 
Plate Current 

Leonard RBfFECL 

Armour Restarch Foundation, Technology Center Chicago, Illinois 
May 26. 1949 

T here are three important basic circuits useful in controlling 
the average current in a thyratron with alternating plate 
voltage. 

These are: 

1. The d.c. grid bias control 

2. Variable phase grid voltage control 

3. Constant phase plus bipolar d.c. grid bias control. 

It is the purpose of this paper to describe the basis of a new 
technique for thyratron plate current control applicable to shield 
grid tubes. 

Before proceeding, it will be helpful to review briefly the ad¬ 
vantages and disadvantages of the already extant methods. 

1. The d.c. grid bias control: This system consists merely in 
applying variable d.c, voltage to the thyratron control grid. The 
point of firing is delayed as the bias volta^ is made more negative. 
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The maximuxn delay attainable by this method is 90 degrees of the 
plate voltage cycle. This delay angle corresponds to approximately 
SO percent of maximum d.c. plate current (i.e., the variable bias 
provides continuous control from full d.c. plate current to one-half 
of full current). Any attempts to advance the firing point beyond 
90 degrees by further reduction in bias cause the plate current to 
drop abruptly to ecro,^ 



This technique has the advantage of extreme simplicity. How¬ 
ever, the control range is limited and the bias required for a given 
current varies somewhat during the tube life because of changes in 
the critical grid voltage curve. These changes become very im¬ 
portant near the 90 degree delay point since the critical grid 
voltage curve intersects the bias curve nearly tangentially.* 

2. Variable phase grid voltage control:* This method consists in 
applying to the grid an alternating voltage of (usually) the same 
frequency as the plate voltage. As the phase angle of the grid 
voltage with respect to plate voltage is varied from approximately 
zero degrees lagging to 180 degrees lagging, the d.c. plate current 
varies smoothly from the maximum (full one-half cycle of con¬ 
duction) to very nearly zero. 

This method, probably the most widely used, has the advantages 
of full 180 degrees delay range and a high degree of immunity to 
fluctuations in d.c. current due to changes in the critical grid 
voltage curve (because of the large angle of intersection between 







this curve and the grid voltage curve for large amplitudes of grid 
voltage). This system, however, requires a variable phase shift 
circuit with its attendant saturable reactor^ (or manually variable 
reactor) center tapped transformer and phasing condenser. 
Usually, when the controlling signal is d.c. a triode etc., is used to 
control the inductance of the saturable reactor and thus control the 
phase shift and d.c. plate current. The primary controlling parame¬ 
ter thus becomes the triode grid bias voltage, 

3. Phase-bias control :* This method is an extension of method 
1 in which a phase-shifted (90-150 degrees behind the plate 
voltage) a.c. voltage is added to the variable d.c. applied to the 
grid. If the amplitude of the a.c. applied to the grid is Eir, then in 
order to get full 180 degree control, the d.c. bias must vary from 
Eu to — JEjr. 

This method will thus yield smooth current control over the 
entire half-cycle* but bipolar d.c. bias must be provided and the 
circuit is not os independent of critical grid voltage curve changes 
as the preceding method unless Eu is large. This leads to difficulty 
in supplying the bipolar d.c. bias. Regardless of the amplitude re¬ 
quired, if electronic control is to be used, the bipolar bias requires 
additional circuits.* 

New Circaif.—The principle of the new technique for control of 
th^atron plate current is illustrated in Fig. 1. 

An alternating voltage of amplitude E is applied to the plate 
of thyratron Ty and an a.c. voltage of amplitude E^ is applM to 
the slueid grid. This voltage Ep is shifted approxima^y 90 degrees 
behind the plate voltage by fixed phoM shifting network con- 
idsting here of Ri and Ci. This-phase-shifted sifleld grid voltige 
introduces an uaymmetry in the cridcol grid bias obntrel einwt of 
the thyrEtroui since at the beginning of the positive Siat^c^pde of 





LABORATORY AND SHOP NOTES 


701 




plate voltage the shield grid is negative by Eg, while at the end of 
the positive half-cycle the shield is positive by Eg. Thus the 
critical control grid voltage is more positive at the beginning of the 
positive plate half-cycle (0 degrees) and more negative at the end 
(180 degrees) than it would be ordinarily. This gives rise to a new 
critical grid voltage curve with its minimum shifted considerably 
toward the 180 degree point of the plate voltage as shown by the 
construction in Fig. 2* 

By inspection of Fig. 2 it is evident that the point of firing of the 
thyratron may be delayed more and more by increases in the 
negative bias on the control grid until the point a is reached, at a 
bias Ek and firing point 0. With the simple circuit of Fig. 1, it has 
been found that 8 can be made as large as 145 degrees. 

It is to be noted, however, that there are a number of inherent 
Umitadoni in the simple system just described. First, the change in 
the aridcai grid voltage for a unit change in shield grid voltage at 
constant plate voltage becomes increasingly less as the shield grid 
goes more and more positive. This tends to flatten the critical grid 
voltage curve near point a and leads to the limit of 145 degrees 
maximum delay mentioned above. A possible means of extending 
this limit will ht discussed. Second, during the first 90 degrees of 
the plate voltage cycle, the shield grid may be sufficiently ne^tive 
to require a positive grid voltage for firing. This throws the circuit 
open to the same critiensm leveled against the phase-bias system of 
control This objection may be overcome in a number of ways, 
among which are; 

L The shield grid may be biased positively if tbts is not obviated 
by ote omsideratioas.* 

2. A (IN34) may be used to diminate the negative half* 

cyde ^ ijMid however, the firing point subility will 

•ufter the first quarter-eyde of plate voltage. 



3. Tubes may be employed which will fire at negative control 
grid voltages even with the shield grid near '-Eg. This is, of course, 
the most desirable condition and uses the simplest circuit. 

The first two suggestions lead to the circuits and control charac¬ 
teristics shown in Figs. 3 and 4. Figures 1 and 2 refer to method 
three. 

As an example the circuit of Fig. 4 was employed with a type 
2050 thyratron, a tube not fulfilling conditions in 3 above, and 
yielded the results shown in Fig. 5 for /j c. versus Ebiw. 

From the figure it is seen that continuous control of the d.c. 
plate current may be had with the circuit of Fig. 4 over a range 
extending from 100 percent to about 15 percent of full current. 
There is a small region of jitter when the bias is near point b of 
Fig. 4, just before the rectifier applies the shield grid voltage. This 
may be eliminated by shifting the phase of the shield grid voltage 
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by only about 80 degrees with a slight reduction in the control 
range. 

Method one above yields similar results and* is preferable from 
the stability point of view. 

Thus it is possible to obtain continuous control of d.c. plate 
current over a range corresponding to a delay angle of near 0 
degrees to about 145 degrees using the proper circuit of those 
shown previously. This control may be achieved with variable 
monopolar control grid bias. By using moderately large shield grid 
voltages,* the slope of the critical grid voltage curve may be made 
large which minimizes the effect of aging and small changes in 
plate voltage as mentioned earlier. 

If it is desirable to extend the range of control even further, a 
peaked wave form, such as generate<l by b, fixed saturable reactor, 
may be applied to the shield grid. This will give greater rates of 
change of shield grid voltage in those regions where the critical 
grid voltage varies slowly with shield grid voltage. This scheme is 
illustrated in Fig. 6 and should permit extension of the control 
range to about 165 degrees. 

^MtUman and Seely, Electronics (McGraw-HUl Book Company, Inc., 
New York, 1941), first edition, pp. 432-3. 

* This tame characteristic of large variation in d.c. current at fixed bias for 
amall changes In the critical grid voltage curve has prevented wide use of an 
a.c. bias amplitude control system. Sec H. J. Reich, Theory and Applications 
of Electron 7'ubes (McGraw-Hill Book Company. Inc., New York, 1944), 
second edition, p. 509. 

< See reference I, pp. 42a-432. 

* J. C. May it of., ‘^Thyratron phase control circuits,” Electronics, 107-9 
(July 1948). 

»See reference 1, pp. 434-5, 

* Neglecting tube drop, of course as in all the preceding discussion. 

’ See reference 4, p. 108. 

* A circuit wtdeh Interchanges tlie role of the control and shield grids is 
now under investigation. 

* The voltage which may be applied is. of course, limited by the possibility 
of shield grid to cathode breakdown. 


New Instruments 


W. A. WUdhack; Associate Bditor 
In Charge of this Section 

Natiotial Bureau oi Standards. Washington, D. C. 

These descriptions are based on in/orma/*o« supplied by the manufacturer 
and in some cases from independent sources. The Review orrumcr no re¬ 
sponsibility for their correctness. 

Oscillator Model M oscillator has been de¬ 

signed as a source of power cover¬ 
ing the frequency range of 0.25 to 120,000 cycles per second. The 
frequency is continuously variable from 1 to 120,000 cycles per 
second in five overlapping ranges, and provision is made for fixed 
frequencies determined by plug-in units for frequencies as low as 
0.1 cycle per second. 

The circuit is a new arrangement of the bridge-stabilized type of 
oscillator, using two separate amplifiers connected together by a 
four-terminal bridge network. This arrangement affords a means of 
reducing to a minimum the influence of amplifier parameters on 
the frequency of oscillation. The circuit is kelf-b^ancing. The 
amplifiers operate in phase opposition, and their output is es¬ 
sentially free of even harmonic distortion. Third harmonic 
distortion is generated in the AVC clement, but it has been kept to 
a low value by the use of an element with a long thermal time 
constant. 

The power supply is electronically regulated. Dqx>sited carbon 
resistors are used in the frequency determining networks. 

Calibration is accurate within IJ percent plus 0.1 cycle. Some 
specifications on ^^undesired voltages” are as follows; power supply 
noise, less than 0.01 percent of the output signal; iWmonic dis¬ 
tortion, less than 0.2 percent at all frequencies from 20 cycles per 
second to 15,000 cycles per second; microphonic noise, less than 
0.01 percent of the output signal 



Power consumption is 140 watts at 115 volts, 60 cycles per 
second. Dimensions are 91 in. high, 18i in. long, and 12 in. deep. 
Weight of the unit is 43.5 pounds.’-SotTTHWESXERN Inousthial 
Electronic Company, 2831 Post Oak Road, Houston, Texas. 


Polinear Recbrder Model PFR poUnear recorder 

offers the engineer means for re¬ 
cording complete characteristics of electroacoustic and electronic 
devices with one instrument. The combined features of polar and 
rectilinear movement permit the recording of angular patterns, 
frequency response characteristics, and other measurements. 

The instrument can record either d.c. or a.c. voltages, selectable 
by the operator. The turntable, 8i in.X 11 in., is driven linearly by 
a synchronous motor and is rotated by a sclsyn repeater. The 
latter allows tlic test turntable to be placed at any distance and 
any location from the recorder. The turntable of the recorder is 
equipped with a friction slip clutch which allows the operator to 
set it at any angular position independent of the sclsyn position, or 
any linear position independent of the drive motor. Both linear and 
polar motions are reversible. 
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Special combination charts, polar and semilog^ arc available; 
however, standard commercial charts of the polar, or semilog type, 
can also be used on this recorder. 

The instrument is housed in a carrying case of 11 in.X 13 in. X17 
in. dimensions.—S ound Apparatus Company, Stirliugf New 
Jersey, 


Standing 45 in. high, the ultrasonic generator is 21 in. wide and 
19 in. deep. The test well measures If in. in diameter and has a 
depth of 21 in. Power input is 500 watts at 115 volts, 50 cycles, 
while power output is 200 to 250 acoustical watts. General 
Electric Company, Schenectady 5, New York, 


Ultrasonic Generator A new ultrasonic generator, pro¬ 
viding a simple and practical 
method for studying the effect of ultrasonic energy on various 
materials and processes, has been announced by General Electric's 
Special Products Division. 

The generator converts high frequency electrical power into high 
frequency mechanical vibrations in the form of sound waves, 
pitched considerably higher than the range of human hearing. It 
permits a wide operating range by providing four vibration 
frequencies: 3(X), 5(X), 750, and 1000 kc. 

Entirely self-contained in a steel console, the equipment consists 
of a power unit and a transducer assembly. Simple controls 
mounted on the sloping front panel of the generator cabinet include 
on-off switches for the high voltage circuit and the filament circuit, 
a voltage control to vary the power, and an instrument which 
indicates the power supplied to the quartz crystal. 

The transducer assembly is mounted on top of the cabinet. It 
consists of a transparent cylinder to hold insulating oil around the 
high voltage leads coming from the electronic circuit to the crystal. 
'I'he transducer, or crystal, forms the bottom of a test well which is 
immersed in the insulating oil. Material to be tested is placed in a 
suitable container (a l>eakcr or test lube) within this well and is 
directly exposed to vibrations from the crystal. 



Relaxation Machine Relaxation tesU at temperatures 

up to 1800“F can be carried out 
automatically, including a record of the rate of decline of load, by 
means of a new machine of 4000-lb, capacity announced by the 
Baldwin Locomotive Works. 

Relaxation occurs when a material is stretched to, and held at, 
a given elongation, as in l>olts, particularly at elevated tempera- 
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turn. Creep then tends to elongate the bar and release the load. 
Elastic shortening balances this effect and total strain remains 
constant. Plastic elongation can be measured by the decrease in 
stress. Relaxation tests are useful l>eyand the direct application of 
data on the behavior of metals at constant total strains. They 
establish the relative ability of a material to withstand stress at 
high temperature. They are valuable in estimating creep values in 
certain ranges of stress and temperature for high strength alloys 
and in predicting mechanical properties of metals at high tem¬ 
peratures. 

The machine automatically relaxes tenslonal loads from as high 
as 40,000 lb. i>er sq. in., permitting strain increments of only 
2X10~* in. per in. of the 6-in. gauge length of a standard 0.356-in. 
diameter specimen. These increases in length are detected by a 
highly sensitive extensometer with electric contacts that close a 
6-volt relay circuit to operate a i-hp servo motor which reduces the 
load enough to open the contacts again and maintain a substan¬ 
tially constant strain. 

The load is reduced through a worm and gear box, iso-elastic 
springs by which the load is measured, and a lever arm with a 
mechanical advantage of S; 1. Accuracy is approximately 1 percent 
of load, or 0.25 percent of capacity. 

The recorder produces a curve of stress wrsus time on a flat 
chart slightly less than 10 in. wide. The stress axis is driven 
indirectly from the spring loading device. 

The furnace is 18i in. long, 8i in O.D. and 2i in. I.D. It may be 
controlled within 5"F or less, or within 2®F or less, depending upon 
the controller used with it. The machine has a welded steel frame, 
is 7 ft. l^igh, and occupies a floor area of 25 in.X30 in.— Baldwin 
Locouotive Works, Philadelphia 42, Pennsylvania. 


Impedance Bridge Brown Electro-Measurement 

Corporation, formerly Brown En¬ 
gineering Company, announces the versatile new BECO Model 
250-A Universal impedance bridge. 

Featuring small mt and light weight for easy portability, the 
bridge provides unusually high accuracy by utilizing 0.1 percent 
precision wire-wound resistors in the bridge arms, and a unique 
directly calibrated slide-wire consisting of a 0.1 t>ercent precision 
decade with a coaxially mounted single-turn rheostat for interpo¬ 
lation within the decade steps. 

Permanently etched, direct-reading dials increase the ease and 
rapidity with which measurements can be made. 

The bridge can measure resistance, capacitance, and inductance 
over the following ranges: 



RMittance: 1 mUUohm to 1 mtgohm. 

Capacitance; 1 mlcromkrofarad to 100 mlcrofaradB. 

Inductance: 1 microhenry to 100 henriet. 

Storaoe factor 0.02 to 1000. 

DliitjMtion factor {D ^R/X) 0.002 to 1. 

Included in the 9I-in.X10i-io.Xl0)-in. cast aluminum cabinet 
are four flashlight cells which power the bridge, predrion reference 
standards, 1000-c.p.s. tone generator, aero-center 1 microampere 
per millimeter suspension galvanometer for d.c. null detection, and 
headphones for a.c. null detection. Space is provided for the 
storage of headphones, test leads, and for the companion Model 
SSB-A-amplifler which increases null detection sensitivity on a.c 
measurements. 

All controls and terminals are protected by an attractive cast 
aluminum cover when the bridge is not in use. Net weight ap¬ 
proximately 20 lb.— Brown Elkctro-Measureuknt Corpo¬ 
ration, 4635-37 S.E. Hau^home Boulevard, Portland 15, Oregon. 


Counters A new stainless steel mica end 

window counter (a) has been an¬ 
nounced. Features of this counter are long flat plateaus (several 
hundred volts long), long life (10* counts), low backgrounds, and 



Cb) 


(a) 
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the teal remains tight. The rise in countmg rate is stated to be 2 or 
3 percent per hundred volts. This counter can be obtained with a 
sodcet-type base. 

Also available is an ‘‘enriched” BFi counter for neutrons (b), 
which is more than 4 times as efhcient as normal BFi counters 
because the boron content is 96 percent boron 10. Sizes available 
are 1 inch, U inch, or 2 inches in diameter, and 6 to 24 inches 
in length. Pressures arc 30 cm to 45 cm BF*.- N. Wood Counter 
Laboratory, 5646~4S Harper Avenue^ Chicago 37^ Illinois, 


Vacuum Pump The HV-l vacuum pump, com¬ 

bining high performance specifica¬ 
tions with 8im[)licity of design and case of installation, is now 
available. 

The pump is an oil-diffusion type designed to meet exacting 
production line requirements. It was originally designed by Eitel- 
McCuHough engineers for their use in the manufacture of vacuum 
tubes; since then, the HV-l has been tested and proved through 
millions of hours of operation in all types of applications. Ex¬ 
panding techniques in the field of nuclear science, research, and 



material processing in vacuum have created a market warranting 
mass production of the pump, the manufacturer states. 

According to the manufacturer, the HV-l has many outstanding 
features, including: speeds up to 67 liters per second, attainable 
vacuum of 4X10^^ mm Hg, clear glass pump barrel, no liquid 
cooling, no charcoal trap, no mechanical wear, and simplicity of # 
mounting and maintenancc.—EiTEL-McCuLLOUGH, San BrunOy 
California, 


R-F Power Supply Spellman Television Company is 

now manufacturing a compact, 
completely enclosed 30-kv r-f power supply suitable for application 
in dust precipitation, electrostatic painting, and insulation break¬ 
down tests as well as projection television. Power up to SOO 
microamperes may be drawn with good regulation. 

The unit features unusual stability and includes a low voltage 
d.c. supply. The output voltage is variable from 15 kv to 30 kv 
through a control on the front panel. The high voltage unit in¬ 
cludes a focus control and a voltage tap variable from 4 kv to 6 kv 
for use with the 5TP4 projection kinescope tube. The high voltage 
30-kv-6-kv cables are 3 feet, 11 inches in length, and are of the 
safety type. 

The tube complement includes one 5U4 rectifier, two 6I>6 
oscillators, and three 1B3 high voltage rectifiers. Dimensions of the 
fKJwer supply arc: length 14^ in., width 11J in,, and height 12i in. 



Also available are a 60-kv r-f power supply and a 30-kv r-f 
regulated power supply with regulation heUer than 1 i>ercent at 
l-milliampere load.— Spellman 1'elevision Company, Inc., 130 
West 24th Street, New York II, New York. 


Proportioiial Counter Model PC-l alpha-beta-gamma- 

proportional counter has an alpha- 
badtground, easily maintained at less than five counts per hour. 
Meson and distributed gamxna-background is about 35 ooimts per 
minute. The alpfaa-plateau extends from about 1100 volts to 1400 
volts, and the beta^teau from about 1700 volts to 2000 volts. 
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Tke tilt of either is less than 2 f>ercent per 100 volts average, and 
the best 100 volts has a tilt of less than i percent. 

The reset control simultaneously resets the ^register, and the 
scaling stages and purges the chamber. The operating cycle com¬ 
prises only the following three operations: (a) exchanging the 
samples, (b) depressing the combination reset and gas purge lever, 
and (g) setting and starting the timer. The automatic timer is 
adjustable up to 56 minutes. The maximum error, including dial 
setting inaccuracy, is better than 0.2 second at any dial setting. 

The unique counter is designed to be an integral part of the 
instrument. Its compactness makes for laboratory efficiency and 
eliminates many of the troubles encountered with the use of ex¬ 



ternal chambers, such troubles being leaky high voltage leads, 
chamber temperature coefficient problems, gas connections, etc. 

The gas bubbler, which is flush panel mounted and illuminated, 
is leakproof through cither intake or exhaust connections when the 
instrument is in any position. The accessory built-in gas supply 
comprises a regulator and brackets with hold-down straps for 
mounting a 4-in, X 12-in. tank of gas on the back of the cabinet. 
This supply is sufficient for roughly 2000 sampling cycles. The gas 
mixture is 10 percent C.P. methane in 90 percent argon. 

The sample table will accommodate 1 i-in. diameter samples up 
to A in. thick. Special sample tables for larger samples are 
available on special order. Counter construction is such that the 
entire unit may be decontaminated in less than 10 minutes by the 
operating personnel. 

Both the high voltage and the sensitivity regulation are better 
than 0.1 percent per percent line voltage change, so that external 
regulation is unnecessary.— Nuclkar Measurements Corpora¬ 
tion, 3339 Central Avenue, Indianapolis 5, Indiana. 


Wide-Band Amplifier Model IQO wide-band amplifier 

is the first unit of a completely new 
series of equipments designed for application in the field of nuclear 
research or for general problems involvbg the study of transients. 

The amplifier has a band width extending from 4000 cycles to 22 
megacycles. Response is uniform within 3 db. 

Input and output connections of 75-ohm impedance level are 
provided for use with standard coaxial cables. In addition, a high 
impedance output connection is available. The amplifier has a 
voltage gain of 230 at an average output level of b.4 volt from the 
7S-ohm output termination, and 250 on the high impedance output 
connection at a 3.5-volt level. 

Miniature tubes and techniques are employed throughout and 
novel mechanical design results in an extremely compact self- 



contained unit on a standard rack panel 51 in. high by 19 in. 
wide. The over-all depth, back of front panel, is 41 in, W^ht 
complete with tubes is 5 lb. 14 ox. Total power consumption is 26 
watts. 

A power supply designed for use with the amplifiers, having both 
regulated plate and heater voltages, will be available.—U. S. 
Electronic Company, 262 Conner Sir eel, New Haven 11, Con- 
neclicuL 


The Speedigram a analytical balance, the 

speedigram, permits untrained per¬ 
sonnel to weigh objects quickly with accuracy and without the use 
of computations or interpolation. 

With this new instrument, inexperienced operators have 
achieved weighing times of less than two minutes. The speedigram 
is important in production laboratories for volume procedures. 

The speedigram analytical balance reads directly up to 100 
grams without weights. An extra 100 grams weight is supplied, 
however, so that the full caijacily, 2(X) grams, is available. The 
sensitivity of this analytical balance is 0.05 mg at full load. 

Numerals appearing through the plate over the dials indicate the 



weights which will be deposited on the pan. Deposition is auto¬ 
matic when the beam is released. Readings are made across the 
dial BO that no arithmetical sums need be computed, thus elimi¬ 
nating a major source of error in analytical weighing. 

The speedigram has no complicated parts to get out of order and 
its working parts are in full view.™ Voland and Sons, Inc., New 
Rochelle, New York. 


Manufacturers* Literature 

i^esture Recorder —Bulletin No. G620 on the new Series 
500 absolute pressure gauges describes the instrument and 
gives data on the new principle of operation employed, which 
makes it possible to accurately record and automatically con¬ 
trol absolute pressure within a scale range as low as »ero to 20 
millimeters of mercury absolute.— The Baiatcn. Company, 
Waterbury 91, Conneclicul. 
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SlectFonic Tubes —New i»aue of the RCA preferred tube 
types list, Form PTL-SOIA, has been prepared to assist 
equipment manufacturers in formulatingf their plans for future 
production of electronic equipment. —Commercial Ekgi- 
MEERING, RCA Tube Department, Harrison, New Jersey. 

Recordings —Vo!, 3, No. 2, July 1049, 6 pages, contains 
articles pertaining to Consolidated’s mass-spectrometer-type 
instruments and dynamic recording instruments.— Consoli¬ 
dated Engineering Corporation, 620 North iMke Avenue, 
Pasadena 4, California. 

Tin Research Institute —34-page illustrated booklet reviews 
the activities of the Tin Research Institute during the post-war 
period.— Tin Research Instititte, Inc., 402 West Sixth 
Avenue, Columbus /, Ohio. 

Electrostatic Sampler and Oxygen Therapy Unit 4-pagc 
bulletin, CT-9, illustrates and describes the MSA electrostatic 
sampler, designed for high efficiency atmospheric sampling for 
all types of particulates in the ceramic, electrical, steel, and 
chemical processing industries. 

Bulletin CW-3 describes the MSA oxygen therapy unit, 
designed for use in hospitals, dispensaries, offices, or homes. 
Oxygen flow is automatically adjusted to fit individual 
breathing needs by this instrument. Mine Safety Appli¬ 
ances Company, Pittsburgh H, PennsyliHinio. 

Plasticiiers -12-page 'rechuical Bulletiii 0-D-1I3 contains 
twenty-two plasticized polyvinyl chloride formulations, noting 
the outstanding properties of each. Included also is a list of 
polyvinyl chloride resin, plasticizers, and stabilizers suppliers. 
—Monsanto Chemicals Company, Organic Chemicals 
Division, St. Louis, Afissouri. 

Electrical Contacts Technical Data Bulletin 7,101, 12 
pages, describes Fastell materials for electrical contacts in 
various services, from high frequency interruption at low 
current and voltage to breaker overload protection in currents 
of several thousand amperes and voltages of several hundred 
kilovolts.— Fansteei. Mrtali.urgic.yl Corporation, North 
Chicago, Illinois. 

Selenium Rectiflers-O-page bnx hure C-349-’848 contains 
operating characteristics, applications, circuit diagrams, design 
data, and price information on the company’s standard line of 
full-wave, single-phase, bridge rectifiers. The brochure de¬ 
scribes cells varying from li in.XlJ in. to 6i in.X7i in. and 
their operating ranges from 2 volts and 150 ma to 5000 volts 
and 10,000 amperes.—iNTERNATioNAi. Rectifier Corpora¬ 
tion, 6809 South Victoria Avenue, Los Angeles 42, California. 

X-Ray Screens —12-pagc brochure announces a new line of 
x-ray screens under the name of RXdeUn.— United States 
Radium Corporation, 535 Pearl Street, New York 7, New 
York. 

Capacitors —Bulletin 214 gives complete details of Type 84P 
“Telecaps,” small molded tubular capacitors in ratings as high 
as 10,000 volts d.c. and suitable for high temperature condi¬ 
tions met in television, industrial electronics, and various radio 
appUcation8.“*SPRAGUE Electric Company, North Adams, 
Massachusetts. 

• 

Cdoiimetric Comparator —I'echnical Publication 16-C de¬ 
scribes the W-fT colorimetric comparator for measuring 
hydrogen ion concentration (^H value) in a simple mariner, 
using permanent, non-fading color standards.— Wallace and 
tSeeHan, Jnsifumni Department, 1 Main Street, BeUmlk, 
Nm Jersey. 


FCC Measurement Manual —37-page manual gives com¬ 
plete information for making measurements required by 
amendment (e) to Section 3.46 of “Standards of good engi¬ 
neering practice.” The manual states each requirement for 
both a-ra and f-m broadcasters, lists equipment needed to 
make appropriate measurements, and gives in step-by-step •* 
detail proper procedures for measuring, recording, tabulating, 
and presenting the required data. Offered free on request to 
radio station chief engineers.— Hewlett-Packard Company, 
395 Page Mill Road, Palo Alto, California. 

Index to Oaertner Literature— 4-page alphabetical index of 
all instruments manufactured by the company and reference 
to the bulletin in which each is described. Also includes a list 
of more than 30 bulletins in print and in preparation.—T he 
Oaertner Scientific CoKn)RATioN, J20I Wrightwood Ave¬ 
nue, Chicago 14, Illinois. 

Tables of Sines and Cosines to Fifteen Decimal Places at 

Hundredths of a Degree NBS Publication AMS 5, Tables of 
.Sines and Cosines to Fifteen Decimal Places at Hundredths of a 
Degree, 95 pages, 10} in.x7i in., 40 cents a copy.— Superin¬ 
tendent OF Documents, U. S. Government Printing 
Office, Washington 25, D. C. 

Steel Caatings— .^6-page illustrated booklet, “1‘he steel 
castings industry,” presents word-and-picture discussion of the 
use of steel castings in many basic manufacturing operations.— 
Steel Founder.s’ Sot ietv ok America, ^20 Midland Building, 
Cleveland 15, Ohio. 

Flowrator Instruments — Catalog 50, 24 pages, presents 
principles of operation, construction details, and features of 
ratomatic instruments for flow rates. 

Catalog Section 96 describes the magna-sight, a flow-rate 
measuring instrument for jobs where accuracy within several 
percent is satisfactory,— Fischer and Porter Company, 
Haiboro, Pennsylvania. 
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Soldering and "Phe term “soldering” generally 

Brazinx means the joining of 2 metal sur¬ 

faces by means of another metal or 
alloy applied in u molten condition. Most satisfactory adhesion is 
attained when the solder or one of its constituents alloys with the 
metals it joins. When alloying does not occur an extremely clean 
surface must be maintained in the operation. For alloys used in 
soldering, the temperature at which melting begins (the solidus) is 
lower than the temperature at which it becomes completely molten 
(the liquidus), except the eutectic composition for which these two 
temperatures coincide. 

Soft solders are used for joining metals at comparatively low 
temperatures. They will withstand considerable bending without 
fracture but usually have a low strength compared to that of the 
metals joined. The soft solders in general use are lead-tin aHoys. 
The eutectic alloy containing 63 percent tin and 37 percent lead 
melts at about 360®F. All other lead-tin alloya between 20 percent 
and 97 percent tin have a solidus temperature of 360®?, the 
liquidus temperature varying with composition. The alloy con¬ 
taining 2 parts lead to 1 part tin has been used for “wiped*^ joints 
as it remains partly molten over a wide temperature range and can 
be molded during solidifleation. Before the war, 50-50 alloy was 
used as a genersd purpose solder, its liquidus temperature being 
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423^F. Tin is still in scarce supply and its use is at present some¬ 
what restricted. The higher melting points and br^er freezing 
ranges of the lower tin solders make soldering more difficult but 
with proper techniques and fluxes joints can be made which are 
practically as satisfactory as those made* with 50-50 solder. Most 
commercial soft solders contain small percentages of other added 
elements. Antimony apparently increases the strength, whereas 
bismuth, copper, and silver promote “tinning” or spreading of the 
sdider. Generally the added constituents lower both the solidus and 
liquidus temperatures. Solders used for joining zinc or galvanized 
metals should be free from antimony, os this element combines 
with the zinc to form a brittle, high melting constituent which 
lowers the strength of the joint. Nominal compositions of a series 
of lead-tin solders with tin content ranging from 25 to 50 percent 
are listed in Table I. Lead-silver solders arc useful substitutes for 

Table 1 . Lead-bsBe Boldew. 


Nomltial compoflition, percent 

ASTM Sb Cu Bi Frecilng range, ®F 

Sn (max.) (max.) (max.) Solidus Liquidus 


so-so 

SO 

0.4 

O.OS 

0.25 

360 

423 

iO-60 

40 

0.4 

0.08 

0.25 

358 

482 

35 

1.50 

0.08 

0.25 

358 

493 

30-70 

30 

0.7S 

0.15 

0.25 

358 

502 

25-75 

25 

0.4 

0.08 

0.25 

361 

511 


lead-tin solders for many pur|>oses. The silver content is usually 
low, 2.25-2.50 percent. The eutectic alloy, with 2.50 percent silver, 
is very fluid when molten, but solidifies at a definite temperature. 
When a freezing range is required, the silver is reduced to 2.25 
percent and 3 percent tin is added. The melting temperature of 
lead solder with 2.5 percent silver (572®F) as well as other lead- 
silver solders is considerably higher than those of the ordinary 
lead-tin solders, so that somewhat different fluxes and techniques 
are required. This type of solder has proven satisfactory for copper, 
copper-base alloys, iron, steel, and tin-plate. 

Lcad-tin-bismuth solders are characterized by a lower solidus 
temperature (205®F) than that of the ordinary lead-tin solders, and 
are useful for soldering alloys classed as pewter. Table II below 
gives the characteristics of some of these low melting solders. 

Table II. 


Nominal composition, percent Liquidus 

Pb Sn Bi 


25 

25 

so 

266 

50 

37.5 

12.5 

374 

25 

50 

25 

338 


An alloy of 95 percent tin with 5 percent antimony, melting at 
450^F with a small melting range, has been recommended as a soft 
solder. It is claimed that joints made with this alloy are somewhat 
higher in strength than those made with lead-tin solders. Current 
restrictions on tin limit the application oi this solder. 

For joints required to withstand higher temperatures than can 
be met by lead-tin solders, an alloy of 95 percent cadmium with 5 
percent silver has been recommended. This alloy has a solidus 
temperature of 640'^F and is completely molten at 740*?. 

To secure good adherence in soldering it is necessary that the 
surfaces of the metal and the solder be free from oxide and dirt. 
Grease and dirt can be removed by benzene or some other suitable 
organic solvent. Where permissible, oxide or* stained surfaces can 
best be cleaned by mechanical abrasion, i.c., filing, grinding, or 
polishing. To enable the solder to “wet** the metal it is necessary to 
employ a covering material which will remove oxide film and pro¬ 
tect surfaces from air while they are being heated. Such an 
agent is known as a flux. Fluxes commonly used for soft soldering 
metals other than aluminum are solutions or pastes containhjg zinc 
chlo rid e or a mixture of zinc and ammonium chloride^ It is claimed 


that flux containing zinc and ammonium chlorides in their euteede 
proportions (71 and 29 percent by weight, respectively) is best for 
lead-tin solders. Zinc chloride alone or with small additions of 
ammonium or stannous chloride have been found satisfactory for 
lead-silver solders. When the flux melts it partially decomposes 
with the liberation of hydrochloric acid which enables the flux to 
dissolve surface oxides. The fused flux forms a protective film that 
prevents further oxidation. If the flux reaction continues too long, 
salt deposits occur which make further fluxing or soldering difficult. 
Consequently, it is best to apply the flux immediately before 
soldering, with a small stiff brush to assist “wetting.** Excessive 
chloride flux should be removed immediately after soldering, using 
a large swab and hot water. Since chloride fluxes are corrosive it is 
sometimes necessary to use a different flux for certain types of 
work where the last traces of flux cannot be removed after solder¬ 
ing. (Note: Your editor has found it practically impossible, by any 
cleaning process known to him, to remove flux completely enough 
to insure that no corrosion occurs in and around tire joint over an 
extended period of time.) Rosin is the only flux known to be non- 
corrosive in all soldering applications and is commonly used where 
corrosion is a hazard. It can be dissolved in alcohol in varying 
proportions to obtain flux of any desired consistency. Wire solder 
with a rosin core is obtainable commercially. Wetting agents are 
sometimes added to rosin flux as it “wets** metals more slowly than 
chloride flux. Also rosin in a modified form, termed a “rosin dimer,” 
has greatly improved wetting properties over ordinary rosin. 

A prime requisite in soldering is a constant source of heat which 
will maintain the surface at the desired temperature with the least 
amount of oxidation. In soft soldering this is usually accomplished 
with a preheated “iron" (usually of copper) of good thermal 
conductivity and large heal capacity, with an electrically heated 
source, or with a controlled flame. Excessive amounts of either flux 
or solder should be avoided. The “iron** should be clean and should 
be covered (“tinned**) with a thin layer of molten solder to im¬ 
prove heat transfer. Frequently, prefluxing and pretinning of the 
bonding surfaces is desirable, ^en solidification occurs over a 
wide range of temperature relative motion of the metals at the 
joint should be avoided during solidification, as this would damage 
the bond. Clamping the pieces in place during such an operation is 
desirable. Overheating should be avoided as this increases oxida¬ 
tion and may affect the flux adversely. In soldering galvanized iron 
or zinc a mixture of ammonium and zinc chloride b widely used. It 
should be applied sparingly, and the excess removed immediately 
after joining as it attacks zinc very rapidly. It is important that the 
soldering “iron** be moved slowly in one direction only as repeated 
motion over a spot will cause the zinc to dissolve in the solder, 
making it gritty and brittle. In soldering stainless steel, 50-50 lead- 
tin solder is used. Hydrochloric acid, diluted with an equal volume 
of water, is applied first and then, after 5 minutes and without 
washing off the add, zinc chloride flux is applied. The soldering 
operation is then carried out in the usual manner. This class of 
steel docs not solder as readily as other metals. 

Soldering and braaing of aluminum .—In general, it is preferable 
to join aluminum and its alloys by welding, because soldered joints 
of these metals will corrode rapidly in a moist atmotsphere if not 
adequately protected. Aluminum of at least commercial purity, 
and wrou^t aluminum alloys containing not more than 1 percent 
of manganese or I percent of magnesium are the only metals of this 
group for which soldering is considered advisable. The heat- 
treatable aluminum or aluminum clad alloys should not be 
soldered. Most of the soft solders for aluminum contain 50-75 
percent tin, and 40 percent zinc is frequently used. Froprietary 
alloys possessing a wide range of melting points are available for 
soldering aluminum. Care must be taken that the solidus tempera¬ 
ture of the solder is at least 100*F higher than the service tem¬ 
perature of the joint if it is to be subjected to a sustained load. 
Until recently, t^ only satisfactory meriiod of removing ogride film 
was by rubbing or abrading the surface beneath the molten sefider 
with a wire brush or steel wool. Proprietary fluxes are now avail¬ 
able from suppliers of aluminum solders, which eliminate the need 
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for the mechanical removal of oxide film. Since the fluxe* are 
corroaive they should he removed after soldering, by use of a large 
swab and warm water. Rapid corrosion will occur in soldered 
aluminum joints if not adequately protected in moist atmospheres. 
Where joints are exposed to humid or marine atmospheres, it is 
deurable to make long lap or scarf joints. In salt water or salt 
spray, joints can be cathodically protected by attaching strips of 
xinc or cadmium very close to the joint. In an ordinary humid 
atmosphere, or in water where no electrolyte is present, a moisture 
proof lacquer or paint coating should be used over the joint. 

Filler metals and duxes used in brazing aluminum and its alloys 
are proprietary and can be obtained from manufacturers of alurni- 
num alloys. Brazing is employed when higher strength is required 
than can be obtained with soft soldering, and where economy or 
neatness dictate its use in preference to welding. Thin sections are 
sometimes brazed because of the poor results obtained in welding. 
Complex assemblies or castings with heavy sections are not 
amenable to brazing. Of the wrought non-heat-treatable alloys, 
only commercially pure aluminum and the aluminum-manganese 
alloys can be brazed. The heat-treatable magnesium-silicon alloys 
of aluminum can also be brazed. 


Tadle in. 


No, 

Ag 

Nominal 

Cu 

comoMition. percent 
zn Other 

Free*ing range. “F 
Solidus Liquidus 

I 

10 

S2 

38 

- 

1510 

1600 

2 

20 

4.S 

35 

— 

1430 

1500 

— 

20 

45 

30 

5 C(1 

1430 

1500 

3 

30 

38 

32 


1370 

1410 

4 

40 

36 

24 

— 

1330 

1445 

5 

45 

30 

25 

— 

1250 

1370 

6 

SO 

34 

16 


1280 

1425 

7 

60 

25 

15 

— 

1260 

1325 

8 

70 

20 

10 


1335 

1390 

9 

72 

28 

— 

— 

1435 

1435 

10 

so 

16 

4 

- . 

1360 

1460 

It 

IS 

80 


5 P 

1200 

1300 

12 

so 

15.5 

16.5 

18 Cd 

1160 

1175 


so 

1.S.5 

1.5.5 

16 Cd. 3 Ni 

1195 

1270 


so 

15 

25 

10 Cd 

1166 

1190 


Hard solders are distinguished from soft solders in possessing 
much higher melting points and in making joints which generally 
have higher strength. The tyjjical hard solders are either precious 
metal alloy solders or brazing solders. 

Silver solders, generally alloys of silver, copper, and zinc, are 
widely used. They are malleable and ductile and, in many cases, 
the joints are as strong as the metals themselves. Some of these 
alloys are listed in Table III. Alloy 11 (proprietary) is widely 
used and is claimed to be self-fluxing. It is recommended for copper 
and its alloys but not for iron or steel. Alloy 12 (proprietary) is a 
recently developed, general purpose solder, suitable for a variety of 
metals including stainless steel. Tungsten can be soldered to copper 
with Alloy 7. Silver solder for general use may be made in the shop 
by melting together 1 part of silver and 2 parts of yellow brass (60 
Cu-40 Zn). An alloy containing 85 percent Ag and 15 percent Mn 
has gdbd characteristics and a high melting range. It was developed 
for bonding ports having a high service temperature, and can be 
used with stainless steel. 

Gold solders are generally alloys of gold with copper, silver, and 
zinc. They are generally designated with the karet number of the 
gold alloy with which they should be used. Fine gold or the higher 
karet gold alloys may be used for soldering platinum and platinum 
metal alloys. 

Brazing solders (or “spelters**) arc brasses containing more zinc 
and having a lower melting point than the commercial brasses or 
bronaes. Commonly used brazing alloys contain from 40 to 55 
percent copper with the remainder zinc. These are brittle a^joys 
and joints made widi them, although superior to soft-soldered 
joittti, will not withstand bending and impact as well as those 
made with sflver alloys. The compositions and mefting tempera- 
tUM of some brazing alloys are given in Table IV. 


TABtE IV. 


Composition, percent Mdtlnz 

Pb Pc A1 tempera- 

Cu Sn (max.) (max.) (max.) Zn ture 


49-52 

— 

0.5 

0.1 

0.1 

Remainder 

1600 

49-52 

3-4 

0.5 

O.l 

— 

Remainder 

1520-1550 

68-72 


0.3 

0.1 

— 

Remainder 

1650-1760 

78-82 

— 

0.2 

0.1 

— 

Remainder 

1725-1825 


For most purposes, borax or a mixture of borax with boric add 
(25-75 percent borax) are suitable for use as fluxes with the pre- 
douB metal and brazing alloys. For soldering silicon bronze or 
beryllium copper, potassium bifluoride or zinc chloride are added 
to the flux mixture. When soldering tungsten to copper with Alloy 
7, sodium cyanide is a satisfactory flux. Great care must be token 
when using cyanide salts that they do not enter the body orally or 
through skin abrasions. They must be kept dry and ^ould not 
come in contact with acids, nitrates, nitrides, or other oxidizing 
agents. Breathing the fumes of a flux containing a bifluoride salt 
should also be avoided. 

Since silver solder and other brazing alloys melt at high temper¬ 
atures, soldering irons cannot be used. Common methods of appli¬ 
cation are by dipping the work in molten alloy; by heating with 
torches or in furnaces; by electrical resistance heating; or by 
induction heating. 

The above material has been abstracted from Letter Circulars 
937, 938, and 939 recently written by the Metallurgy Division of 
the National Bureau of Standards. These letter circulars also 
contain bibliography material on soldering.— National Buiieau 
OF Standards., Washington, Z>. C. 

Asbestos Tubing Asbestos tubing, originally de¬ 

signed as a heat-resisting base for 
electrical coils, has other potential uses. Since it is unaffected by 
high temperatures, it can be used for both electrical and heat 
insulation in electrical heaters and other heating devices. The 
tubing is made by spirally winding specially prepared asbestos 
tape to predetermined sizes around a mandrel. It is then die- 
formed to shape with square, rectangular or oval cross section. 
Such tubes can be made in any length with wall thicknesses from 
0.01 inch up. The tubing is stated to be unaffected by sudden 
temperature changes. Further information may be obtained from 
the manufacturer. Precision Paper Tube Company, 2045 West 
Charleston Street, Chicago 47, Illinois, 

Rubber-Insulated Heating elements, in which re- 

H«atin£ Element Sistance wires are imbedded in 

oiwuiwui insulaUng fabric pUes between 

sheets of rubber are available for service up to 300'’F. These 
units may be used to control moisture condensation, to prevent 
freezing of pipe lines, to free frozen chutes or storage bins, or as a 
warming pad or heat lx)oster. The sheet material is available 
under specification as to use, temperature, size and capacity. 
Almost any size, weight or shape may be obtained. B. F. Good¬ 
rich Company, 44S-52 South Main Strut, Akron 11, Ohio. 

Protective Coating Vinsynite is a liquid material for 

for Steel application to finished steel sur¬ 

faces prior to finish coaling. It 
adheres to the steel, phosphatizes it, and deposits a thin protective 
film on the surface. Application of this film is followed by a primer 
coat of vinyl-resin base that adheres tightly to the initial film and 
protects against corrosion. This can be followed by any conven¬ 
tional paint. The pre-treatment and primer coating produce a 
protective film that approaches the durability and service charac¬ 
teristics of plastic sheeting of equivalent thit^ess. It is stated to 
withstand salt spray in a KXXl-hour test.— Thompson and 
Company, 1018 Mward Street, Oakmont, Pittsburgh, Pennsylvania. 
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PlftStic-'COAted Permaiube is thin-walled Elec- 

Steel Tubing tricweld steel tubing combined 

* with Vinsyniie hietal treatment. 

The vinyl-resin coating has a thickness of 0.0015 inch. The tubing 
can be fabricated by Ending, expanding^ flangings upsetting^ and 
^ttening without damage to the protective film, which has lasted 
for 3000 hours exposure in an accelerated spray test before corro¬ 
sion appeared. TWs tubing can be supplied in all standard Elec- 
tricweld sixes and shapes in lengths to 10 feet. 

Electricweld tube is now available in square, rectangular, oval, 
or special section. Square tubing ranges from I in. to 3 in.; rect¬ 
angular sections can be of any dimensions that do not exceed 
3} in. on the long side; minimum ovals are f in. by J in.; maximum 
ovals include any section that will lie in a 4-in. circle. Thickness 
can be specified in gauges from 14 to 20.— Jones and Laughlin 
Steel Corporation, 3! 1 Ross Street^ PUtsburf>h 30^ Pennsylvania. 

Ashless Filter Whatman's Ashless Tablets are 

Mftterisl ^ convenient source of ashless pulp 

for use in the filtration and washing 
of gelatinous or gummy precipitates as recommended in current 
techniques. The addition of small amounts of pulp also assists in 
the retention of fine precipitates, making possible the use of more 
rapid filter paper with a consequent saving of time. A stock 
su3p>ension can be prepared using several tablets, or a portion of 
a tablet may be added to each determination before filtering. 
The tablets are composed of highly purified pulp washed in 
hydrochloric and hydrofluoric adds until practically ashless. 
Each tablet weighs about 2.5 grams and has an ash of 0.0(X)5 gram. 
Buhrell' Technical . Supply Company, 1942 Fifth Avenue^ 
PiUshurgh 19f Pennsylvania. 

Precision Castings Polystyrene is employed in the 

place of wax in a new precision 
casting process. In general, castings in intricate shapes can be made 
to tolerances of ±0.005 inch, and up to 5 pounds in weight. Plastic 


patterns are made and assembled in multiple on a gate. They are 
dipped in a fine slurry of silica sand, air dried, and placed in a 
stainless steel flask into which silica mold material is poured. When 
this has solidified it is placed in a curing oven, followed by a 
furnace where the plastic is burned out at 1300°F, prior to pouring 
the castings. The process can l>e employed to cast mild and stain¬ 
less steel, vanadium steel, tool steel, and high alloy steels. It can 
also be used for aluminum, brass, cop|>er, and manganese bronze.— 
Electronicast, Inc,, 1729 West Fulton Street^ Chicago 12, Illinois. 


Resistance Alloy Alloy lOOO is an electrical resist¬ 

ance material having a resistivity 
of 1000 ohms per circular mil foot. Its temperature coefficient of 
resistance docs not exceed ±0.000025/°C and remains substan¬ 
tially constant between 20°C and 100°C. It has high tensile 
strength and ductility, resistance to surface corrosion equal to that 
of nickel-chromium alloys, a low coefficient of linear expansion, and 
a low thermal e.m.f. against copper. The material is stated to 
solder readily. It is available in wire in diameters from 0.9 mil to 10 
mils, and in small ribbon sizes.—C. O. Jellirf Manueacturino 
Corporation, Pequot Road, Southport, Connecticut, 


Carbide Tubing Tungsten carbide, combining 

hardness and strength, and tita¬ 
nium carbide, combining hardness with ability to withstand 
thermal shock, abrasion, and corrosion at high temperatures, are 
the materials from which tubes are supplied. Sizes range from 0.004 
in. to 0.4375 in. i.d., and from ^ in. to in. o.d. The outside i.'^ 
rough extruded 0.010 in. to 0,015 in. oversize; the inside is held to 
within ±1 percent of specification and is accurately concentric. 
Orifices and nozzles, thread and wire guides, punch and die parts, 
gauge parts, guide bushings, burner cores, furnace rollers, and 
thermocouple protective tubes arc representative applications.— 
Kennamktal, Inc., 100 Uoyd Avenue, Latrohe, Pennsylvania. 
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A radiation monitoring instrument based on the scintillation counter is described which measures y~ (or /}-) 
radioactivity levels from 1 milliroentgen/hour to 100 roentgens/hour without changing scale. The instru¬ 
ment may thus be entirely unattended even in the vicinity of widely varying sources. Its performance and 
limitations are discussed, together with means for increasing its ultimate sensitivity. 


1. INTRODUCTIOW 

T he purpose of this paper is to describe a radiation 
instrument capable of monitoring a range in y- 
(or /S-) radioactivity from 1 milliroentgen/hour to 100 
roentgens/hour. This corresponds to tolerance periods 
ranging from no limit (1 milliroentgen/hour) to 4 
seconds/day (100 roentgens/hour). It was deemed very 
desirable to cover this range without manual scale 
switching so the instrument could be left completely 
unattended. Accuracy of approximately 15 percent was 
considered adequate. 

Thus, the requirements placed on the detector unit 
are that it shall respond to a signal intensity ranging 
over 5 decades without saturating or requiring attention 
of any sort. Pulse counting techniques (scaling, etc.) 
were eliminated because it was felt saturation effects 
would be exceedingly troublesome at the higher levels; 
hence, some sort of integrating system was indicated. 

It is possible to use an ionization chamber over these 
ranges providing a sufficiently large collecting voltage 
is appli^. However, the chamber is essentially a very 
high impedance device and automatic range switching 
would bie difficult but necessary if an electrometer tube 
or similar method were to be used to lower the imped¬ 
ance level. Because of these real and suspected diffi¬ 
culties, it was decided that a scintillation counter «md 
integrating circuit (low pass filter) be used as the 
primary radiation detector. 


Such a method has the following advantages; 

1. The scintillation counter crystal is not troubled by 
saturation even at the highest levels. 

2. The photo-multiplier tube used to detect the scin¬ 
tillations is a reasonably low impedance device. 

3. By judicious choice of the photo-multiplier’s oper¬ 
ating point, a range of 10* in output may be had with 
no adverse effects. 

4. The detector is small, sturdy, and readily portable. 

n. BASIC CIRCUIT 

The detector consists of an Anthracene crystal and 
Tj^ 931A photo-multiplier tube. The pulse output of 
the tube is integrated to provide a d.c. level propor¬ 
tional to the pulre rate, and is compared to a balancing 
voltage by means of a Brown converter.’ Any difference 
between the comparison voltage and PM tube output 
is amplified and used to position a servo motor on a 
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* Now at Annour Rewareh Foundation, 35 West 33rd Street, 
**Jmw at Nuclear Instrument and Chemical Cotp„ 223 West 


Fia 1. 


^ Manufactuml bv Brown Instrument Diviekm, Minneapolb- 
Honeywell Cmpoimdoa. 
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highly non-linear potentiometer geared to an indicator 
pointer (see Fig. 1), However, the range of PM output 
voltage which may be balanced is 100,000 to 1 because 
of the special potentiometer used. Figure 2 illustrates the 
potentiometer, servo motor drive, and indicator unit. 

in. COMPLETE CIRCUIT 

The scintillation detector consists of a piece of clear, 
crystalline anthracene approximately 1X1 X0.5 cm 
obtained from Harshaw Chemical Company. The crys¬ 
tal is mounted in paraffin and ground flat on its two 
larger surfaces. The photo-multipliers used to detect the 
scintillations are selected 931A tubes. The criterion for 
selection is low absolute dark current, which, however, 
is not a difficult requirement to meet since the dark 
current of all the tubes checked was in the vicinity of 
1.0X10"^ ami)ere. This low value may have been 
fortuitous. However, G. H. Dieke® made similar meas¬ 
urements on a series of such tubes and obtained values 
less than 9.5X10^® ampere for 6 of 9 tubes oi)erating 
under considerably more severe voltage conditions. 

The photo-multipliers used in the instrument are 
operated in the vicinity of 9()0 volts which must be well 
stabilized. Since multiple probes are sometimes used 



Fio. 2. T(m: Servo motor and t^ped potentiometer. 
Bottom: Indicator unit and scale. 


* G. H. Dieke, «A study 
graphic awdysis," Report Nb 


of standard methods for ffieoro- 
.W493,WPB,Mayl, IMST^ 


with the same mdicator, the sensitivities of the PM 
tubes are matched by adjusting the voltages on the 
first two stages. 

The crystal was mounted on the photo-tube and the 
entire assembly was placed in a cylindrical brass hous¬ 
ing, which in turn was mounted on a probe chassis (see 
Fig. 3), and gasketed for light tightness. Light leakage 
up through the socket and around the pms was elimi¬ 
nated by blackening the interior of the housing and 
filling the gap between the tube base and chassis socket. 

A more serious problem was the electrical leakage 
across the socket of the tube. The entire base assembly 
was, therefore, thoroughly cleaned and coated with 
paraffin. This procedure reduced the no signal output of 
the tube by at least a factor of 10. 

As outlined in Section II, the problem reduces to that 
of measuring the d.c. component of the PM output 
which may vary over a range of 10*^. The load impedance 
usually associated with photo-multipliers in scintillation 
work is of the order of 50,000 ohms so as to obtain fast 
pulse decay. In this case, however, the impedance is 
made large (2.7 megohms) since it is only the d.c. output 
which is of interest. 

The load resistor drives an RC low pass filter which 
serves to eliminate the rapidly varying components of 
the PM tube output so the servo system will not act 
erratically. This RC integrator circuit serves the second 
important function of slowing down any step function 
increase in radiation level (and PM output) which could 
block the servo amplifier. 

The d.c. output signal of the integrator circuit is fed 
to a Brown converter along with a d.c. comparison 
voltage supplied from the servo driven slidewire. Since 
the impedance level at the Brown converter is of the 
order of one megohm and the applied signal is of the 
order of 0.1 millivolt at the low end of the range, con¬ 
siderable hum is introduced by the vibrator driving coil. 
This pick-up is greatly reduced by opening the converter 
and rearranging the driving coil lea^ so that they come 
out the top of the housing.* 

The Brown converter, essentially a driven single-pole 
double-throw switch, is designed so that the contactor 
arm closes each of the two circuits some 45 percent of 
a complete cycle, and shorts both circuits together for 
about 10 pexetni of a cycle. This action permits the 
integrating capacitor Cz to receive charge via the low 
impedance comparison voltage circuit. The capacitor 
holds this charge easily until the contactor clom the 
PM tube circuit, and thus the net voltage change as 
seen by the first amplifier grid is very nearly zero. To 
prevent this action, a resistor i?io is placed in series with 
thecomiMLrison voltage such that the integrating capaci¬ 
tor takes on very little charge from the comparison 
voltage. 

The 60 cycle imbalance voltage derived from the 
Brown converter is fed to tixt grid of the first servo 

• Componcats Handbook, MIT Ratfiatloa Lab. Sarissi 
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preamplifier tube. It was found convenient to heat the 
filament of this tube by r-f power supplied by a simple 
tickler oscillator to reduce the 60 cyde pick-up. 

As seen in Fig. 4, the servo preamplifier consists of 
two 6AK5’s and one 6SL7. This tube line-up yields a 
gain of the order of 10* if the amplifier is linear. The 
preamplifier is RC coupled to two 6N7’s which serve as 
the servo power amplifier. This power amplifier design 
is taken from the Brown Company “Electronik" re¬ 
corder, and matches the Brown 160 r.p.m. servo motor 
used as the indicator and potentiometer drive. The 
6N7’s deliver a considerable d.c. current to the control 
phase of the servo motor which causes dynamic braking 
with its attendant stability. 

The servo motor is used to drive the comparison 
voltage potentiometer and the indicator needle (see 
Fig. 2). The system is geared so the motor, running at 
160 r.p.m., drives the potentiometer through 330° and 
the needle through 110° in approximately 10 seconds. 
Since the signal voltage available from the PM tube 
varies over five decades, it is also necessary that the 
comparison voltage do so. To accomplish this, the 
potentiometer, which is wire-wound, is tapped at four 
regularly spaced intervals. A one-ohm resistor is placed 
across the fiirst interval, 10 ohms across the second, 100 
ohms across the third, 1000 ohms across the fourth, 
and no resistance across the last whicli is one-fifth of a 
50,000 ohm potentiometer or 10,000 ohms. When a 
voltage is applied across the potentiometer, one ten- 
thousandth appears across the first interval, one- 
thousandth across the second—and so on. Thus, the 
ratio of voltages available from the potentiometer is 
100,000 to 1 (i.e., ratio of voltage on one-tenth of the 
first decade to full potentiometer voltage). 

When the indicator is positioned in the last two 
decades, the servo tends to hunt with an amplitude 
amounting to approximately 2 percent of a decade. This 
has not interfered with reading the indicator; however, 
if the life of the potentiometer is much reduced by this 
action, step>s will be taken to eliminate it. 

IV. PERFORMANCE OF CIRCUIT 

The instrument was tested and roughly calibrated at 
radiation levels up to approximately 1(X) mr/hr. with a 
0.3 millicurie Co* 7 -ray source. The total potentiometer 
voltage was adjusted so the 100 mr/hr. level would fall 
at the end of the second decade. This adjustment is very 
stable and required 21 volts across the entire potentiom¬ 
eter or approximately 21 millivolts across the second 
decade. 

In order to check porformance at high radiation 
levels, a 0.5 gram radium source was used to yield levels 
up to 45 t/ht. and higher. The readings predicted on 
the assumption of linearity were well checked evpn to 
the highest radiation levels and no drift has been ob¬ 
served. A more accurate calibration is planned for the 
near future when time permits. 



Fig. 3. Complete radiation instrument; foreground: servo pre¬ 
amplifier, probe pick-up and power supply, indicator unit. Back¬ 
ground; Dark current cancellation chassis and typical multiple 
prol)e. 

V. LIMITATIONS 

There are two basic limitations to the performance of 
the instrument. These are: 

1. At very low levels (5 mr/hr. or less)—dark current 
variations. 

2. At very high levels (10 r/hr. or more)—^photo- 
multiplier fatigue. 

The dark current of the photo-multiplier, due ideally 
to thermionic emission from the photo-cathode, is 
strongly temperature dependent and thus may cause a 
shift in the zero position of the instrument as the tem¬ 
perature varies. However, with tubes selected for low 
dark current, this effect is small enough to be neglected 
providing no levels less than 5.0 mr/hr. need be meas¬ 
ured to 15 percent accuracy. It was found that a 4®C 
change in temperature caused a shift of the order of 0.7 
ptr/hr. This approximaie relationship was tested over 
the range -|-40®C to — 4®C. The temperature depend¬ 
ence for our application is, therefore, unimportant. 

For those applications requiring higher sensitivity 
and accuracy, at least two possibilities are open. First, 
a thermostatically controlled oven operating at about 
40°C (to absorb maximum room temperature) has been 
used successfully. A‘Tenwal thermoswitch” (or simi¬ 
lar device) and resistor heating element will maintaun 
the temperature to within 0.4°C and thus effect a con¬ 
siderable increase in the minimum measurable signal 
(at a given accuracy). 

Second, a more direct method of canceling the dark 
current puises has been employed. It is found that the 
pulses making up the dark current of a PM tube are 
considerably smaller than the average current pulse du^ 
to a scintillation.'* 

This immediately suggests the use of a pulse height 
discriminator circuit set to reject dark current pulses. 
However, any direct pulse height discriminating circuit 

* O. A. Morton and K. W. Robinson, “A coincidcnoe scintilla¬ 
tion counter,” Nucleamcs, 25-29 (February 1949). 
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would become completely blocked at higher radiation 
levels, and its output would rapidly go to zero.* It is 
thus necessary to employ a discriminator circuit in 
which blocking does not cause the entire instrument to 
become inoperative. (At levels which block the dis¬ 
criminator, dark current is unimportant.) This may be 
done by placing the discriminator circuit in a feed-back 
loop as shown in Fig. 5(a). 

The circuit is designed so as to feed back an identical 
canceling pulse for every photo-multiplier pulse less than 
the discrimination level. For pulses greater than this 
level, the phase inverting pulse amplifier feeds back a 
pulse clipped at the discrimination level. These cancella¬ 
tion pulses are delivered at low impedance to a resis¬ 
tance to ground in series with the photo-multiplier load. 
Since the multiplier output current is saturated, these 
feed-back pulses do not affect its output. The circuit 
operates as a completely fed-back high gain amplifier 
as long as the clipper is inactive; hence, voltage de¬ 
veloped between grid and cathode is very small. When 
the pulse height exceeds the clipping level, the loop gain 
is greatly reduced and a considerable output pulse is 
developed to feed the integrating condenser. For pulses 
whose amplitude exceeds the clipping level, only that 
portion'below the clipping level is canceled. The voltage 
on the integrating condenser is thus due only to those 


portions of the input pulses which are above the chpping 
level. This eliminates the dark current puU^ entirely, 
at the expense of a factor of three in sensitivity whi^ 
may be made up elsewhere in the instrument. When the 
discriminator blocks, its output goes to zero and the 
full PM output charges the integrating condenser. 

The adjustment of the loop gain of the circuit is 
rather critical* and for this application, where the pulses 
are to be integrated, it is possible to simplify the method 
of cancellation as shown in Fig. 5(b). 

Here the cancellation pulses are *'pre-intcgrated” so 
that they appear as a d.c. level feeding the integrating 
capacitor and do not influence the pulse amplifier except 
for shifting the bias on the first tube slightly. There is 
no danger of regeneration if the “pre-integration” is 
practically complete. 

If the radiation monitor were required to operate over 
very wide temperature ranges at high sensitivity, it 
would probably be necessary to combine pulse cancella¬ 
tion and thermostatic control,^ since there is evidence 
that the light output of the crystal itself varies some¬ 
what with temperature.® 

Photo-multiplier tubes, when operated at high light 
levels, exhibit a fatigue effect wherein the output current 
decreases steadily with time although the illumination 
is constant.® If the illumination is removed, the tube 
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• when blcK:ked would still develop an output, but it would not bear any direct relationship to the radiation lev^. 

• The loop gam is adjusted to approximately unity, at the pulse input grid, aitice the canccUatkm pulses should differ from the PM 
puJsw only m sign (neglecting loading by the servo preamplifier). This requires feeding bade across a li^h gain phase inverting 
amplifier which may regenerate unless great care is taken. 

^ revewng the output of Ae pulse amplifier in Fig. S(b), great sensitivity may be obtained at the 

mtemting conden^. This is particularly true if the clipping dreuit is revised as a puke stretching circuit. In manner, a 

instrument is obtdned. (For a monotonically increasW wim Incrming radiaidott kvd, 
^ rapidly.) Under these condiUons, <krk current compensadon is necessary so the circuit of 
method, radiation levekof tiie order of 50 micraroeotgeas/hr. araeedly detect^. 

' Cow*"* Cty.ul OnxMn, Roehertw, N«w Y«k, p-TJiiy, 
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will not recover the original scnritivity for some 50 
hours. 

At lower levels of illumination, the recovery per unit 
time approaches the fatigue rate and the net loss in 
sensitivity is small. It is thus important to keep the 
photo-multiplier output as small as possible at the high 
radiation levels. In a reasonably go(^ tube, the fatigue 
is considerably less than 5 percent at a current of 30 
microamperes. It is good design to minimize the PM 
tube output and maximize the servo system sensitivity. 
For this reason, the anthracene crystals need not be 
large, or backed by a reflecting surface. Smce the instru¬ 
ment is designed for approximately 30 microamperes of 
PM tube current at 100 r/hr., the minimum current is 
of the order of 3X10^*® ampere (or about one-third of 
the dark current of the tube). It is, therefore, desirable 
that tubes be selected for low absolute current. 

In certain installations, there is the possibility of 
cooling the PM tube to reduce dark current, and at the 
same time maintain a constant temperature. This tech¬ 
nique is not without possible drawbacks, however, since 
there is some evidence to indicate that fatigue effects 
are greatly increased at lower temperature.^®* “ No data 
were obtained in this connection. 
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R% —2.7 M, i watt 
R %—10 K, 1 watt 
-Rifl—1.5 M, f watt 
ifii—3.3 K, i watt 
Rn —1 M, 1 watt 
Rit —100 K, 1 watt 
1—0.47 M, 1 watt 


0.5 M, 1 watt 
/?ta—100 K, 1 watt 
R 2 t —0.47 M, J watt 
Ru —3.3 K, i watt 
Rit —1 M, 1 watt 
J?a 7 —0.47 M, i watt 
50012, 2 watt 


—10 K, 1 watt 
Rti —1 M, 1 watt 
2.2 K, 2 watt 
/e,.—1 K Pot. 

Rm —1 K, i watt 
i? 4 i—I K, i watt 
33 K, i watt 


The authors wish to express their thanks to Dr. H. L. 
Anderson for suggesting the problem and for facilitating 
its completion. This work was supported by the Office 
of Naval Research under Contract N6ori-20, Task 
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iJi—110 K, 4 watt 
Rf—10 M, 1 watt 
R i “ "47 K, 1 watt 
R4-1 M Pot. 

R#—1 M, 1 watt 
R«—1 M, i watt 
Rr—2.7 M, } watt 


PARTS LIST 

Resistors 

Rir—.47 M, i watt 
Rn^—3,3 K, J watt 
Rir-“1 M, 1 watt 
Rif—100 K, 1 watt 
R,r“0.47M,lwatt 
Rff—0.5 M Pot. 
Rii—3.3 K, i watt 


R»f—39 K, 1 watt 
Rjur—,33 M, ^ watt 
Ri]—50 K Pot. 
Rit—1 Q, 1 watt 
Rii— 10 n, 1 watt 
Ri 4 —100 O, 1 watt 
Rw—1 K, 1 watt 


See reference 2, p. 46. 

w J. H. de Boer and M. C. Teves, “Sekundarcr scheinungen. die 
auf den primaren photoelektrischen Kffekt bd an Salzscmchten 
adsorbierten Cadumattwnen folgen,” Zcits. f. Fhysik 74, 604 
(1932). 


Capacitors 


Cl, Ci —0.5 mf, 2000 v 
Cl—1 mf, 600 V 
C 4 -~*l mf, 600 V 
C*—100 mf, 15 V, elect. 

Cl—0.05 mf, 600 v 
Cl—10 mf, 450 V, elect. 
Cl—0.01 mf, 600 V 
C»—100 mf, 15 volt, elect. 
Ci(r—0,05 mf, 600 v 
Cii—10 mf, 450 V, elect. 

Cif—0.01 mf, 600 V 

Cl I—0.0005 mf, 600 v mica 


Ci 4 —10 mf, 450 V elect 
Cu—0.01 mf, 600 V 
Cie—0.005 mf, 600 v 
Cir—0.01 mf, 600 v 
Cii—SO mf, 25 V elect 
C,r-1.5 mf, 600 v 
Cio—l mf, 600 V 
Cji—500 mmf, 600 v mica 
Cii —2 mf, 600 V 
Cji—20 mf, 450 v, elect. 
Ci 4 —20 mf, 450 v, elect. 
C«—250 mmf, 600 v mica 


Tt —(Halldorson P-1930A) 1600 volts at 2 ma, 2 volts at 1.75 
amps 

Ti, Ti—700 V C. T. at 70 ma; 5 v at 3 amps, 6.3 v at 3 amps 
(Stancor P-4078) 

Li—15 h,, 75 ma (Stancor C-1002) 

JSi—1.5 volt flashUte battery 

M —Servo motor (Brown 76750-1) 110 volt, 60 cycle, 6 in. oz 
torque, 160 r.p.m. 
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, for Solids and Liquids'^ 
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A cell was developed with which power factor and dielectric constants of solids and liquids can be accu¬ 
rately and conveniently measured from — 25®C to -f- 150*C and 0 to 200 Me. It uses 7 cc of liquid or a solid 
disk up to 1.5 in. in diameter and up to 150 mils thick. A rapid means of controlling temperature with a 
circulating oil stream is provided, with a view toward automatic recording vs, temperature at constant 
frequency. Thermal expansion of solids may be simultaneously recorded. Fringing errors for solids may be 
eliminated by using a sample of smaller diameter than the electrodes. 


INTRODUCTION 

T he dielectric cell to be described was designed 
with the primary purpose of measurement of 
dielectric constant and loss on a single specimen of a 
solid material, such as a plastic, over the range of fre¬ 
quency and temperature in which dispersion exists. 
Facility in changing temperature and frequency, ease 
of introduction of the sample, and high precision of 
measurement were given consideration. A simple attach¬ 
ment also permits precise measurement of liquids. 

The cell was designed with the ultimate purpose of 
the automatic recording of dielectric properties as a 
function of temperature at constant frequency, since 
it is impractical to measure over a wide frequency range 
at constant temperature in a continuous manner. The 
design permits the sample to expand and contract 
thermally and the expansion coefficient may be meas¬ 
ured or recorded automatically. 

Audio- and radiofrequencies up to 200 Me can be used 
in the temperature range —25°C to +150°C. In the 
audio range the cell is externally connected to a Schering 
bridge, whereas above J Me one of a set of coils is placed 
in parallel with the electrodes to form a lumped constant 
resonant circuit which may be used to measure the 
dielectric properties by any of the usual methods. For 
the highest frequencies the cell converts to a re-entrant 
resonant cavity, capacitatively loaded by the sample, 
in the manner of Works el al} Continuous frequency 
coverage is not provided although it could be done 
simply by connection of a parallel capacitance, or varia¬ 
tion of sample thickness. Steps of two to three points per 
logarithmic decade are possible with the coils chosen, 
for a given sample thickness. 

APPARATUS 

A. The Cell Proper 

As can be seen in Figs. 1 and 2 the cell consists prin¬ 
cipally of two IJ-in, diameter electrodes, one of which 

* Some of the material in this article waa presented at the ITth 
Annual Meeting of the Conference on ^ectrical Insulation, 
National Research Council, October 27-29,1946, and an abstract 
was Drinted in the Annual Rqport. 

Boggs., Proc. I.R.E. 33, No. 4, 245-254 


is fastened solidly to the framework and the other to a 
movable carriage. The electrodes (A) arc Invar cups 
precisely flat and parallel, supported by bolting to 
quartz tubes, which in turn are clamped to the supports. 
Electrical connection is made to the cups by means of 
silver-plated sCainless steel flexible bellows. The bellows 
(B) on the movable electrode, which is at ground poten¬ 
tial and connected solidly to the outer cylindrical shield, 
allows a motion of about i in. when the shield is clamped 
in place. The bellows (C) on the upper electrode permits 
switching from resonant cavity to the several coils in 
the upper chamber (D), or to external leads for audio 
measurements. 

When the cavity is closed off at the top the supporting 
quartz tubes would not need to be insulators, but for 
the other switch positions, very good insulation is 
necessary. The quartz tubes also supply rigid support 
with low thermal loss, and this loss is further decreased 
in their design (E) (Fig. 1) by an evacuated jacket. 
Thermostated oil is circulated through the two elec¬ 
trodes in parallel flow and the oil also must be a fairly 
good insulator, since it necessarily passes through a 
region in which an electrical field exists. The connecting 
bellows are made as thin as possible to obtain high 
flexibility and low axial thermal conductivity. They are 
silver plated for minimum electrical losses at high 
frequencies. 

The quartz tubes are accurately ground cylinders on 
their outer surfaces and the end surfaces to which the 
electrodes are bolted are square with the cylindrical 
surfaces. They arc vacuum jacketed but not silvered, 
to reduce thermal loss. The quartz pieces are clamped 
to Invar ‘W-blocks” (F), which have the form of two 
parallel rods bolted at their ends to a plate. The clamps 
are thin Bakelite tubes having set screws which contact 
the V-block rods and distort the Bakelite tubes to press 
the quartz pieces against the V->block rods, establishing 
liile-contact against the rods and quartz pieces. This 
method of clamping safely distributes stresses and re¬ 
sults in low thermal contact, at the same time being 
precisely rigid. 

Due to the low expansion coefficients of Invar and 
quartz a seal can be made between the electrode pieces 
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and the quarts pieces by bolting, but a very thin (0.002 
in.) gasket of Teflon and a spring take-up on the bolts 
as shown in Fig. 3 are still necessary to prevent leakage 
over the large temperature range used. 

The frame, or bed, of the instrument consists of a 
large Invar tube (G) of 3-in. diameter and i-in. wall, 
made by drilling out a rod through all but the bottom 
end, and two |-in. solid Invar rods, all bolted to steel 
(chromium-plated) end plates. The large tube serves as 
the backbone of the frame and the smaller rods as the 
carriage ways. The carriage rides on five ball bearing 
wheels arranged ‘^kinematically” to center on the right- 
hand rod and to guide in the plane of the other rod. 
A floating plate carrying a similar set of wheels, is 
attached by spring-backed bolts and holds the carriage 
against the ways. 

The carriage is over-counterbalanced by about seven 
pounds by means of a single steel tape (H) passing over 
two ball-bearing pulleys and carrying a cylindrical lead 
weight (I) which moves inside the larger Invar tube. 
The counterweight is held from scraping the inside of 
the tube by six miniature ball-bearing wheels arranged 
symmetrically in its surface. The lead counterweight 
moves in air for most of its travel but in oil through the 
last inch. The end of the counterweight is tapered to 
prevent shock upon entry into the oil. It is totally im¬ 
mersed in the last \ in. of travel. The viscous resistance 
of the oil gives a dash pot action and prevents damage 
to the electrodes. They may be released at full separa¬ 
tion without damage, although this is not good practice, 
of course. 

The upper “head” plate (J) of the bed has a hole in 
the center through which the upper quartz electrode 
support passes and the upper V-block rods are bolted 
near the edge of this hole, overhanging it. On the bottom 
side of this plate the 6-in. diameter outer shielding 
cylinder (K), jointly the principal part of the cavity and 
the coil housing, is bolted by four screws (L) with sliding 
handles for easy removal. Both geometrical alignment 
and good electrical contact are assured by a ring knife 
edge at this point. 

The lower two-thirds of this cylinder serves as the 
cavity wall, being separated by a partition from the 
upper one-third in the form of a silver-plated brass 
di^ (M), I in. thick, with a hole in the center to allow 
passage of the quartz supporting tube of the upper 
electrode. The cavity is closed off by a ring knife edge 
attached to the upper end of the electrode bellows and 
pressed against the edges of the hole in the partition 
plate with considerable force by means rf a lever and 
spring mechaniMn (N). Upon releasing this spring it is 
possible, using a train of gears extending outside, to 
turn a contact arm and select one of seven coils mounted 
on the partition plate, or a banana plug receptacle for 
direct connection to a cable. Additional external coils 
can be plugged into the banana receptacle. Connection 
of the arm to polystyrene-insulated coil contacts which 
are small cup^riiiq>ed silver buttons is then firmly made 


by the same spring mechanism which closes the cavity. 
The cavity connection is made between any of the coil 
connections in which position the contact arm moves 
down between two of the coil contact stand-off insu¬ 
lators, stretching the bellows to a greater extent. 

Coupling of the generator and receiver to the reso¬ 
nant circuit is made through two diametrically opposite 



Fte. 1. Cutaway drawing showing electrode mounting, 
Qoils, and counterwei^t 
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holes about halfway along the upper electrode. At this 
point either inductive loops or capacit^tive probes can 
couple to the simple cavity. The best arrangement 
proved to be a capacitative probe to the generator and 
a loop to the receiver, since by this means the next 
higher cavity mode is not strongly excited. This means 
of coupling is satisfactory with the first two coils also 
down to about 40 Me. Below 40 Me the output of the 
regenerative amplifier described by Towsley* is fed 
through the generator hole with a rod directly connected 
to the top electrode by a contacting spring mounted on 
the electrode. In this range a capacitative probe, with 
a small disk on the end is used for the detector coupling. 
There is no reason why a regenerative amplifier could 
not be made and connected thus in the case of the pure 
cavity, but the present model does not provide enough 



Fio. 2. Front view of complete unit 

LZ: Annual Report, Confemce cm Elect Xnwilation 

nr* 


positive feed-back above 40 Me to increase the Q 
preciabty. However, above 40 Me the Q is already suffi¬ 
ciently high for accurate measurements without the 
amplifier. The r^enerative amplifier has been used 
down to I Me, with the detector probe coupled, even 
though the coupling decreases to a low value with the 
maximum probe capacity (about 3 niii) available, due 
to the anq>lifier gain. Below | Me bridge methods 
are used. 

When used at audiofrequencies the cell is connected 
through a cable to the audio bridge, and used as a 
simple condenser. The inductance correction, if this 
cable is short, is negligible up to Me, above which coils 
are used. 

The bottom edge of the cavity cylinder is formed into 
a circular knife edge and the bottom end plate is held 
against this by four strong spring clips with snap lever 
action, so it may be unbuckled and lowered with the 
carriage to allow access to the interior. The bottom 
electrode is thus moved entirely clear of the cavity and 
solid sample disks can be placed upon it, or a quartz 
retaining ring for liquids, held by a ground joint on the 
electrode cap (Fig. 3). 

The carriage may be clamped at any position by the 
lever clamp (Fig. 4) which is not fastened directly to the 
carriage but to the other end of a stainless steel bellows 
filled with mercury. By turning a micrometer screw 
plunger into the mercury well through a Teflon gasket 
the bellows is extended smoothly and accurately in 
100:1 hydraulic ratio. Each 1/1000-in. micrometer ffivi- 
sion corresponds roughly to 10 microinches and may be 
read to 1 microinch. A Pratt and Whitney electric gauge 
of the variable reluctance type is also mounted on the 
carriage and reads the bellows deflection with about the 
same sensitivity as the micrometer. The electric gauge 
has a range of only 6/10 mil whereas the micrometer has 
a range of 10 mik. The electric gauge is used to read 
deflections produced by the sample; the micrometer is 
used to pr^uce independent deflection, usually with 
only air or a liquid in the gap. The electric gauge, used 
with a recording meter thus will record thermal expan¬ 
sion of a solid sample in Uie gap. 

One has the choice of allowing the gap to close on the 
solid sample and applying a compression equal to the 
counterweight overbalance, or clamping at a pre¬ 
determined fixed distance. 

Ilie top plate of the mercury bellows, which carries 
the clamp, rests on three posts exten^g from the 
bottom plate when the bellows is not in use. A needle 
valve opens rite bellows chamber to a small reservoir 
open to the atmoqthere. H the valve is ($iened befqre 
clamping and the mkrometCT is badeedoff tothefuU^ 
extent and then the valve is closed, the full range the 
micrometer is avAilaUe, starting from the fixed pooHimt 
on the posts. One may adjust the electrteal gauge to 
come on scale at this {Ndnt. 

Hie abseflute tqismthm of the ^totrodm is lead fot a 
Federri jewri4>esritig dial gauge, sna&et dhlMen 
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Fio. 3. Exploded view of lower electrode cap mounting, 
with quarts ring for liquids. 


i/10,000 in. and i-in. stroke, which is supported from 
the large tube ‘‘backbone’' and indicates against the end 
of an adjustable screw mounted on the carriage. This 
dial gauge is accurate to approximately one division and 
leaves something to be desired, but is the best direct 
indicating instrument available of sufficient range. 

A dry atmosphere is provided inside the cavity by 
connecting a silica gel drying unit to it, A stream of dry 
air enters the cavity and flows out through a few small 
holes in the bellows on the upper electrode, passing be¬ 
tween the quartz and the surrounding metal and thus 
prevents the accumulation of moisture and frost on 
the quartz at low temperatures, with consequent loss of 
insulating quality. 

B. The Oil Circulating System 

Several problems arose in the design of the oil circula¬ 
tion system due to the wide temperature range covered, 
particularly in selection of materials. The most severe 
of these is the choice of the heat transfer fluid itself which 
must remain suflBiciently fluid over the range — 25®C 
to +150®C, be below flash point at the upper limit, 
and also be a sufficiently good electrical insulator. The 
only substance meeting these requirements is one of the 
silicone fluids (DC 500 fluid, 10 centistokes viscosity) 
which have abnormally low viscosity temperature 
coefficients. 

The circulation system, partially visible in Fig. 5, 
consists of an overflow reservoir, pump, cooling unit, 
electrical heaters, and the electrodes in parallel, in that 
order, the electrode discharge passing again to the 
reservoir. The control thermocouple is inserted inside 
the lower electrode with the leads carried inside the 
circulation tubes and out the reseryoir. A differential 
thermocouple, for stabilization of temperature control, 
is inserted as close as possible to the main beater (No. 1) 
and the leads to it are brought out as tungsten seals, 
producing a pair of compensating junctions at the 
tungsten. The functions of the thermocouples will be 
described in connection with the temperature control 
circuit. 

In order to maintain even approximately constant 
pumping speed for satisfactory temperature regulation, 
it is imperative to use a constant displacement pump. 
SatWactory performance was attained with a Viking 
model BFH (Viking Pump Company, Cedar Falls, 
Iowa) geared down 7:1 from a hp 1800 r.p.m. motor, 
resuUing in a flow of § g*p.m. Due to the large radiat^ 
surface on this pump it is necessary to insulate it with 
aab^tos paste, and even then it is a heavy load on the 


Heat is supplied to the oil by coil-coil filaments 
directly immersed in it. One such heater is on the control 
amplifier output for fast control and the other on a 
Variac for slow base heating at high temperature. 

The base cooling necessary at low temperature opera¬ 
tion is furnished by a heat exchanger made from 
spiralfin tubing by enclosure in a copper foil jacket. A 
Dewar containing a mixture of dry ice and DC 500 
silicone oil of 2 c.k.s. viscosity is raised and lowered on 
a motor driven elevator. The background heating and 
cooling are automatically adjusted as will be described 
at a later point. 

The overflow reservoir permits expansion of the oil 
and effects separation from entrained air. It is vacuum 
insulated, as are some of the connecting lines, to mini¬ 
mize thermal loss. 

The flexible hose connections to the cell were made 
with DC X6167 silastic tubing slipped inside of large- 
size thin-walled rubber tubing for mechanical reinforce¬ 
ment. Even though swelled 50 percent by the oil, this 
silastic retains sufficient mechanical strength to be used 
if reinforced by the rubber cover. All other kinds of 
rubber furnish oil soluble contaminants. Teflon is not 
sufficiently flexible. Red rubber tubing, for example, did 
not swell much but gave up sulfur to the oil. This did 
not cause excessive power factor but catalyzed poly¬ 
merization of the silicone fluid, and eventually even 
the cross-linked sulfur was removed resulting in de¬ 
struction of the rubber; the dissolved sulfur attacks 
most metals in the system. 



Fio. 4. Photogr^>h of cell with cavity removed, showing carriage 
mecha oiam , ^trodei, c^Uwitch, and quarts ring for liquids. 
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C. Temperature Control System 

L General Design * 

The temperature control system is shown schemati¬ 
cally in the block diagram Fig. 6. The control thermo¬ 
couple, located inside the ground potential electrode, is 
opposed by the cold junction, a differential thermo¬ 
couple for stabilization, and the set point potentiometer 
to give the error signal which is converted to 60 cycles, 
amplified, synchronously rectified and used to control 
the power stage thyratrons supplying the main control 
heater (No. 1). For additional stabilization a low pass 
filter is inserted. 

Background cooling and heating are provided by an 
auxiliary control system tending to maintain constant 
current in heater No. 1 by driving either the cooling 
elevator or the Variac supplying heater No. 2. The error 



Fio. 5. Back view of unit showing any^lifiers 
and circulation iystem. 


signal is derived by rectifying and bucking out a sample 
of the thyratron current. 

The main control system thus gives fine regulation 
and corrects fast perturbations whereas the auxiliary 
S3n5tem narrows the operating range necessary for 
the main control and makes it possible to go to low 
temperatures. 

2, Thermocouples and Set Point Potentiometer 

Copper-constantan thermocouples are used, the cold 
junction being kept in a bath of dry ice and DC 500 2 
centistokes silicone oil, which attains a constant tem¬ 
perature of --78.1°C. The great advantage of this cold 
junction bath, which is quite dependable, over an ice 
bath is that its temperature is outside of the ojjerating 
range (—2S®C to -|-150®C) and therefore the cell and 
cold junction thermocouples together produce a voltage 
of only one sign. This simplifies the design of the poten¬ 
tiometer considerably. 

The differential thermocouple, with one junction 
thermally lagged, provides one of the two means used 
to slow the amplifier response and eliminate hunting. 

The potentiometer circuit (Fig. 7) is quite conven¬ 
tional, being provided with standard cell, switch, and 
rheostat for calibration, except that with the stepping 
relay circuit shown in Fig. 8 it is possible either to 
change the temperature setting continuously or step¬ 
wise and to do this either by hand or by motor drive. 

For most dielectric measurements discrete steps of 
roughly five degrees are sufficiently close and a rapid 
selection of fixed steps is advantageous. When auto¬ 
matically sweeping the temperature, discrete steps allow 
complete thermal equilibrium at each step. On the other 
hand, continuous control allows selection of tempera¬ 
tures intermediate to the fixed points, and continuous 
sweep gives more legible charts in automatic recording. 

The automatic operation of the stepping relays (Fig. 
8) is accomplished by motor driving the slide wire. As 
each revolution is completed a limit switch actuates one 
of the stepping relays, advancing the potentiometer arm 
to the next fixed step. One stepping switch is for ascend¬ 
ing temperatures, the other for descending, selection 
being made according to the rotational sense of the 
motor. 

Upper and lower limit switches on the potentiometer 
reverse the sense of the motor, and their positions on 
the temperature scale are adjustable by two extra arms 
on the dial. It is thus possible, in automatic operatbn, 
to cycle the temperature between two of the fixed 
points, over the range of interest for the material being 
measured. 

Due to the thermocouple response characteristic the 
temperature scale is non-linear, being linear in voltage. 
Each step corresponds exactly to 0.2 mv and rouf^ly to 
5^C. It would complicate design considerab^ to mi^e 
the tenq>erature scale Unear. 

As may be seen frenn Fig. 7 the control an^l^er is 
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Fio. 6. Block diagram of temperature control system. 


also used as a galvanometer in calibration against the 
standard cell. 

J. Amplifier and Thyratrons 

Voltage amplification of the thermocouple error signal 
is similar in principle to a Brown* amplifier, but to ob¬ 
tain higher gain and freedom from hum the system 
indicated in Fig. 6 was employed. Brown vibrators are 
used for input conversion to 60 cycles and for output 
synchronous rectification. Initial impedance matching 
is made with a Brown input transformer and the 60 c.p.s. 
voltage is amplified with a narrow band amplifier of 
three separate stages, each stage being shielded from the 
others and having an individual Wien bridge feed-back 
circuit, thus avoiding regeneration due to phase shift, 

A 6K6 power stage and isolation transformer follow 
to supply the synchronous rectifier. Isolation is neces¬ 
sary because the thyratrons are supplied from 220 volts 
with grounded neutral and the transformer secondary 
center-tap must be 110 v ax. from ground. 

Operation of the control thyratron continuously over 
most of the cycle by the filtered d.c. output of the 
vibrator is accompli^ed by superposition on the d.c. 
signal of a wave form of the kind shown in Fig. 9 pro¬ 
duced by distorting the output of the 6H6 half-wave 
rectifier with an inductance. As this wave form is raised 
and lowered by the d.c., firing of the thyratron takes 
place in different portions of the cycle. This thyratron 
has relatively low power capacity but extreme grid 
stability and is used to drive the two power thyratrons 
in parallel by pulsing its output through a transformer 
and applying the pulse to their grids. The output of the 
power thyratrons thus varies continuously with the 
error signal when the latter calls for heat but remains 
at zero for an error signal of the opposite sense, when 
heat losses in the system supply the cooling. 

It is desirable to have the rate of heating available 
roughly equal to the rate of cooling as governed by the 
heat losses, and this symmetry of operation is aided by 
the auxiliary heating and cooling system, 

4. Auxiliary Conirol 

Since the thyratron plate current is pulsating dx., a 
sample of 60c.p.8* voltage may be obtained from it andat 

•The Brown Instroment Company, Philadelphia, Pennsylvania. 



the same time be isolated by passing it through a small 
low impedance transformer. This a.c. signal is propor¬ 
tional to the thyratron current and if rectified by a small 
copper oxide rectifier and bucked out with a potenti¬ 
ometer serves as an error signal for the secondary con¬ 
trol system. Amplification through a conventional 
Brown amplifier provides current to drive either the 
auxiliary cooler or heater motor. A system of limit 
switches and relays, shown in Fig, 10, are necessary to 
pass from heating to cooling automatically according to 
demand by switching to one motor or the other. Limit 
switches are also necessary at the maximum position of 
the heater Variac and at the point of maximum cooling. 

The auxiliary system tends to maintain constant 
current in the output thyratrons by supplying or remov¬ 
ing heat at the correct rate to keep the error signal zero. 
This system is geared down to operate slowly (approxi¬ 
mately 3 minutes from full heating to full cooling) to 



Fio. 8. Stepping relay circuit. N.O. and N.C.« limit switches 
on stepping rriay waft. numbers on slidevdre chasris terminal 
board. Q ** numbers on potentbmeter chassis terminal board. 
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avoid hunting in conjunction with the main heater, and 
thus presents no hunting problem by itsejf because the 
gain is low and time lags are small. The electrical gain 
control on the Brown amplifier may be varied to obtain 
optimum performance. 

Stabilization is obtained with the differential thermo¬ 
couple, one junction lagged, as shown in Fig. 6, plus 
the low pass filter shown in Fig. 6 and Fig. 9. With this 
stabilization it is possible to use the full gain of 1,2X10* 
from thermocouple to heater, and the resulting recovery 
time for a relatively small disturbance is of the order 
of 4 or 5 seconds. A change in set point of 5 degrees 
requires abou^ 45 to 60 seconds for equilibrium, which 
is determined primarily by the total power output avail¬ 
able on rising temperature and the system losses with 
falling temperature. For larger changes the time to 
equilibrium is roughly proportional to the change, at 
the rate of 5 degrees per minute. The maximum sweep 
rate either continuous or step-wise is thus about J hr, 
for the full range "-25°C to +150° and this is about 
the same whether one large change in set point or a 
number of small ones are made. For large changes there 
is considerable overshoot of the auxiliary system, which 
is desirable for rapid response. 

D. Remarks on Methods of Measurement 
of Dielectric Constant 

The dielectric constant is effectively the ratio of the 
capacity of a given condenser filled with the dielectric 
to its capacity empty. One method for its measurement 


is a direct determination of these capacities by com¬ 
parison with a calibrated variable condenser. There is 
always a “lead’* correction to be made since it is im¬ 
possible to fill all of the space in the condenser with 
dielectric; even though one electrode almost surrounds 
the other it is necessaiy to bring out a lead from the 
inner electrode. Then the capacity C of the condenser 
with dielectric in it is no longer proportional to the 
empty capacity Co, but 

C^cCo+CjL, 

where e is the dielectric constant and Cl is the lead 
capacity, the part of the condenser which cannot be 
filled with dielectric. 

If the electrodes can be moved relative to each other, 
AC=««ACo, and by measurement at two positions, « 
may be determined independently of Cl- This is pos¬ 
sible with liquids, but not with solids. It is also possible 
to determine Cl by measurement with a standard liquid 
of known dielectric constant. 

If the electrodes are flat and parallel, of equal area A 
and separation d, the capacity is 

A 

C--K-; is:«0.225 MMf/in. 
d 

This formula is approximate, since it assumes the elec¬ 
trical field exists only between the plates and is uniform 
therein. The form of the correction to be applied de¬ 
pends upon the geometry external to this region. 
Kirchoff^ has given a theoretical formula which applies 
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to completely isolated electrodes in a vacuum. For the 
electrode arrangement used here the air capacity was 
found to have the form 

A-^oi 

Ca^K - 

d 

where a, /S, 7 , and 6 are adjustable constants. At large 
distances in.) the exponential term is negligible and 
a can be determined by varying d. Then and y are 
determined by plotting Ca-'KiA+a/d) against d on 
log paper. The additive constant can be found by 
measuring benzene at variable distance and adjusting 
for self-consistency. Since there is some field penetration 
through the quartz ring a small correction involving a 
linear term in d is necessary, as well as a small term to 
take account of the column of liquid outside the gap, 
also linear in d. Absolute measurement of the dielectric 
constant of benzene measured in this way is consistent 
to rtO.OOOS from 20 to 120 mils and agrees well with 
the value listed in I.C.T. The purpose of the formula 
is simply for interpolation at values of d between those 
used in the air calibration. In order to obtain the ac¬ 
curacy given above, gauge blocks were used to obtain 
known displacements of the electrodes, inserted between 
a stop on the guiding rod and one on the carriage. By 
moving the gauge blocks in an oscillatory manner be¬ 
tween the stops it was found possible to repeat absolute 
gap distances to =fcS m in. as determined by repetition 
of bridge balance. 

In the case of solid samples, the use of a disk of some¬ 
what smaller diameter than the electrodes serves one 
of the purposes of a guard ring, namely, elimination of 
errors due to fringing of the fields but of course does not 
perform the other function of by-passing surface cur¬ 
rents. The use of this “phantom guard ring” does not 
seem to have been reported before, and should increase 
accuracy of measurement, particularly at high frequen¬ 
cies, where the ordinary real guard ring becomes 
impractical.^ An accurate knowledge of the disk diam¬ 
eter is essential and account must be taken of its change 
with temperature. For an isotropic and not-too-elastic 
material the necessary information for this correction 
is obtained simultaneously by the thickness variation 
under constant load. 

One disadvantage of this cell is the large correction 
which must be determined and applied due to the ex¬ 
pansion of the quartz supporting rods. It was hoped 
that the vacuum jacket construction would reduce this, 



Fic. 10. Auxiliary beater and cooler switching circuit. 


since the outer wall is larger, heavier, and more nearly 
at room temperature, but it did not. Provision of a 
quartz bellows section on the inner tube would seem 
desirable. Due to the length of the tubes (a total of IS 
inches) this correction amounts to about 1.5 mils at 
150®C which is a large fraction of sample thickness (70 
to 100 mils). However, it is quite reproducible and easily 
determined. 

The accuracy of measurement of solid samples is de- 
{)endent directly upon distance measurement, which in 
turn depends upon accuracy of dimensioning of the 
sample. For tliis purpose the Schiefer abrasion testing 
machine,® developed by H, F. Schiefer of the National 
Bureau of Standards, was adapted to grind the disks 
fiat. With this machine it is easily possible to grind the 
sides flat and parallel to less than one-tenth mil and 
with a sufficiently sensitive limit switch, such as an 
electric gauge, they can be ground conveniently to 
within one-tenth mil of final dimension. If such accuracy 
of dimensioning is achieved it is not necessary to use 
tinfoil or silver paint on the sample but simply a thin 
film of silicone oil (DC 200, 200 c.k.s.) which is not too 
heavy to flow easily under the electrode pressure used. 

The author would like to express appreciation of the 
aid of Mr. L. W. Burd, who helped with the design and 
built much of the equipment, and of the personnel of the 
laboratory shops, who built the remainder. 

>h! f. Schiefer, TexUle Research J. 17, No. 7, 360-568 (1947). 
The machine is made by S. W. Frazier, 953 15th Street, S. E., 
Washington, D.C. 
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This paper describes a photoelectric photometer which scans the entire sky in 32 minutes, recording the 
light energy in a lOOA band as a function of altitude and azimuth. The light is chopped by a rotating shutter 
and detected by a photo-multiplier tube, the output from which is amplified and synchronously rectified to 
produce a d.c. signal for the graphic recorder. Three different types of automatic scanning are provided, 
as well as a manual control of the various functions. The minimum energy which may be reliably recorded, 
using a 4-inch, /: 1 lens, is of the order of watt. 


INTRODUCTION 

TUDIES of the light of the night sky have occupied 
the attention of astronomers and physicists for 
many years, not only because the subject is of intrinsic 
interest, but also because of the potential knowledge to 
be gained about the upper levels of the earth’s atmos¬ 
phere, where a large fraction of the light is known to 
originate. 

Extensive spectrographic research has shown that the 
spectrum of the atmospheric component of the night 
sky within, the sensitivity range of the 1P21 photo¬ 
multiplier tube includes: 1. A few relatively strong 
atomic lines (S577A 6300A [01], and S893A Nal) 

2. Numerous bands of O 2 and N 2 , and 3. A general 
background of continuous radiation which may be 
unresolved bands. 

Although spectroscopy suffices to establish the gen¬ 
eral character of the radiation, it is not capable of 
following rapid changes because of the necessarily long 
exposure time. This limitation led to the early develop¬ 
ment of photoelectric photometers which provided a 
tremendous gain in speed with, unfortunately, a loss of 
spectral resolution. (Those versed in circuit theory will 
recognize the analogy with the transmission rate— 
band-width relation.) Improved photo-cells and circuit 
techniques have made it possible, in . the instrument 
described in this paper, to record the energy in a 1(X)A 
band in a time of the order of 1 sec. 

The program of night sky investigation at NOTS was 
initiated utilizing two photometers donated by C. T. 
Elvey, used by him for studies in the 7500A region.^ 
These were soon followed by improved versions but, 
even so, it was apparent that the extensive program 
could not be completed in the desired time unless a 
faster, more stable instrument were made available. 
Without listing the specific defects of these early instru¬ 
ments, it is sufficient to say that a scan from horizon to 
zenith required 30 to 40 min., whereas it was desired to 
scan the mtite sky in this time. 


i« based on work performed under ONR Project 

‘ C. T, ElvQr, **Observatbns of the light of the night sky with 
a photoelectric photometer," Astrophys. J. 97, 65 (1943). 


DESIGN CONSIDERATIONS 

A study of the requirements of the research program 
led to a number of design features which are novel in 
sky photometry. 

The most imp)ortant of these is the completely auto¬ 
matic recording oi luminous energy as a function of 
altitude and azimuth. Since the design of the amplifier 
depended to a great extent on the recorder, first con¬ 
sideration was given to a choice of this unit. Because of 
its ruggedness, simplicity, and freedom from additional 
power-source requirements, the Esterline-Angus record¬ 
ing milliammeter was chosen. 

Because zero shift was the most exasperating fault of 
earlier photometers, the present instrument is designed 
to use a.c. amplification and to have the further impor¬ 
tant property of discrimination between dark current 
and signal. The latter requirement could obviously not 
be met by any system which converted the d.c. output 
of the photo-cell into a.c., since, in such a system, the 
signal and dark currents are indistinguishable. This 
leaves only the possibility of chopping the light, an 
expedient which was, therefore, adopted. 

The speed of the system has been improved so that 
it is possible to scan a hemisphere in 32 min., approxi¬ 
mately the shortest time permitted by the recorder time 
constant (0.5 sec.) which also establishes the minimum 
chopping rate at perhaps five per second, if use is to be 
made of the time resolution possessed by the recorder. 
Faithful response to such frequencies indicates the 
choice of a photo-multiplier rather than a gas tube, such 
as had been used originally. Although gas tubes are now 
available which have a better signal-noise ratio than 
the 1P21 photo-multiplier,* their output is so low that 
a large anode load resistor (about 10‘* ohms) must be 
used in order to obtain a usable signal at the amplifier 
terminals. The high value of load resistor combined with 
that of the stray capacities leads to a time constant of 
the order of 10 sec., which would reduce the response to 
the chopping frequency essentiaUy to zero. In principle, 
the time constant can be reduced to any desired amount 
by negative feedback, but the necessary reduction was 
so large in this case (frequencies as high as 300 cycles 

* The C£ 70 and C£ 71 developed by Contliiental Electric 
Company foUowmg suggeatloni of 0. Kron of lick Observatory. 
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must be passed, for reasons which will appear) that this 
was not a practical solution. 

Automatic calibration is provided by a solenoid- 
actuated focal-plane shutter coated with non-phospho- 
rescent radium paint. The shutter is pulled in front of 
the photo-cell once every four minutes, each time the 
optical axis returns to the horizon. 

Since the batteries used in the older photometers were 
always a source of annoyance, they have been elimi¬ 
nated by a suitably designed power supply. In order to 
insure absolute freedom from pftwer frequency inter¬ 
ference, synchronous rectification is used in the ampli¬ 
fier output, a feature which will be more fully discussed 
in a later paragraph. 

The scanning motions can be carried out in the follow¬ 
ing four different ways: 

1. Ftdl scanning: In this type of operation the pho¬ 
tometer starts at the North horizon, sweeps up to the 
zenith, down to the South horizon, and stops. The base 
is then turned automatically through 22^ deg. so that 
the lens is pointing SSW; the photo-cell is calibrated 
and a new sweep started, from SSW to NNE. The 
scanning proceeds in this manner until the end of the 
sweep from NNW to SSE, when the base automatically 
reverses to North and a new cycle begins. The reversing 
period is marked on the Esterline-Angus recorder by the 
left-hand chronograph pen so that the observer, sitting 
at some distance from the photometer, knows when 
each cycle starts. The base is reversed instead of being 
allowed to turn continually in one direction, in order to 
avoid the use of slip rings to feed the numerous circuits 
on the rotating member, 

2. Verlical-circle scanning: This motion is carried out 
with the azimuth fixed, so that the photometer scans 
along a vertical circle from horizon to horizon, cali¬ 
brating at the end of each sweep, as in 1. 

3. Monitoring: The lens is pointed at a fixed altitude 
and azimuth and records luminous energy vs, time; 
calibration occurs every 4 min. 

4. Manual control: All operations of the instrument 
are under control of the observer by means of switches. 

CONSTRUCTION 

The construction of the photometer is shown in Figs. 
1 and 2. It will be seen to consist of three basic as¬ 
semblies: a deep base box or compartment, an azimuth 
plate and fork assembly, and the scanning head. 

The base compartment contains the various control 
relays, switches for manual control, a selector switch, a 
copper-oxide rectifier for supplying d.c. to the shutter 
actuators, and the azimuth motor (a Barber-Colman 
shaded-pole reversible). Three ball-bearing rollers sup¬ 
port the azimuth plate,' which is restricted to rotation 
about a vertical axis by a shaft located on its center line. 
Concentric with this shaft is the azimuth drive gear 
meshing with the azimuth motor pinion. Vertical sup- 
pcRts fastened to the azimuth plate form a fork and 
carry the ball bearings in which the trunnions of the 


scanning head turn. Power for rotation in altitude is 
delivered through a gear train by a Bodine synchronous 
motor mounted on tlie side of one of the vertical 
supports. 

The foundation of the scanning head is an aluminum- 
alloy casting with integrally cast trunnions and lens 
barrel. All components of the photometer proper are 
mounted on the casting with the exception of the 
chopper motor, which is fastened to the cover. By 
designing the amplifier for miniature tubes it has been 
possible to mount it on the scanning head in close 
proximity to the photo-cell, eliminating low-level, high- 
impedance leads. The cables consist, therefore, of power, 
control and recorder-output circuits only, insuring 
freedom from hum and other external interference. 

The lens is a specially designed, spherically corrected 
doublet of 4-in. aperture and 4-in. focal length, mounted 
in a sleeve which can be screwed in or out along the lens 
barrel for focusing. Filter holders, not shown, may be 
slipped over the lens sleeve, in front of the lens, or may 
be placed inside the barrel just in front of the shutter- 
actuating solenoids. Inside the lens barrel, on the front 
surface of the casting, are mounted two Leland rotary 
solenoids which carry the master and calibrating 
shutters. Behind the back surface of the casting are 
located, in order, the chopper shutter, a two by ten 
degree focal-plane aperture to define the field of view, 
and the photo-multiplier tube. A commutator is rigidly 
fastened to the back end of the chopper shaft to provide 
synchronous rectification of the amplifier output signal. 
Power for the shaft is delivered through a flexible 
separable coupling from.ii Bodine synchronous motor 
mounted on the cover (a standard J box). 

In order to prevent transmission of heat into the 
interior of the cover from the chopper motor, the latter 
is mounted on phenolic studs. Active cooling is provided 
by a blower impeller which sucks cold air through a 
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Ught-tigbt duct open to the atmosphere and through a 
port concentric with the shaft, expelling it'in the space 
between cover and motor. Temperature considerations 
likewise dictated the placement of the vacuum tubes on 
the outside of the case, as shown m Fig. L The sockets 
are mounted on phenolic rings j-in, high, so designed 
that no metallic connection other than the wiring exists 
between the socket and the aluminum casting. 

All resistances and condensers for the amplifier are 
mounted on terminal boards or clamps fastened to the 
back side of the aluminum casting (Fig. 2), so that when 
the cover is removed the unit lacks only the chopper- 
commutator drive to make it complete. The leads for 
the chopper motor run in a shield along the inner surface 
of the cover to one half of a separable plug, the mating 
part of which is fastened to the casting (directly to the 
right of the altitude motor, Fig. 2), making it very easy 
to remove the cover for inspection or repairs. The sensi¬ 
tivity switch is remote-operated from the observer’s 
position by a synchro drive, hidden in Figs. 1 and 2. A 
simple sighting tube is mounted on one trunnion to 
assist in aiming the lens at a definite point in the sky 
(e.g,, Polaris) when it is desired to monitor. 

AMPLIFIER 

The amplifier. Fig. 3, is a two-stage, negative-feed¬ 
back circuit of high stability and linearity. 

Direct coupling is employed between the photo-cell 
anode and the first grid, and in the feed-back path from 
the second cathode to the input circuit, thus reducing 
the number of time constants in the loop to one (second 
grid circuit) and making oscillation impossible. The 
first-stage heater is operated at reduced voltage in order 



to eluninate grid current which would upset the bias for 
high values of the load resistor and also in order to 
increase the gain available from the tube. By this arti¬ 
fice, a gain of 600-700 has been achieved frc«n the first 
grid to the second grid. Because of the direct coupling, 
it is necessary that the second cathode be at essentially 
zero d.c. potential, if the first-stage bias is to be main¬ 
tained; for this reason it is returned to a negative volt¬ 
age. Small errors in establishing this voltage are of no 
consequence since the first stage uses cathode self-bias. 
This is also true of the photo-cell dark current, provided 
it is small. Loading of the first stage by the input im¬ 
pedance of the second has been overcome by returning 
the second grid resistor to the cathode circuit, making 
its apparent resistance approximately 150 megohms. 

The over-all current gain of the amplifier, defined as 
feed-back current in 20-ohm resistor R 2 divided by 
photo-current in i?i, is given by 

' Gi^Ri/R2. 

Since the recorder resistance is only 1500 ohms as 
compared to 15,000 ohms for the plate load resistor of 
stage two, essentially all of the feed-back current passes 
through the recorder, and 6\, therefore, is also the gain 
from the photo-cell anode to the recorder movement. 
The sensitivity is controlled by switching by a 
nominal factor of 2 for each step, so that, there being 
nine positions, the highest sensitivity is 2® or 256 times 
greater than the lowest. The highest value of Gi is about 
1.3X10®, which, combined with the gam of 5X1Q® 
achieved in some lP2rs, gives an over-all amplification 
of the photo-cathode current of 6.5X10“. Experience 
in the field has shown that, because of noise, this is 
about as high as one can go with the required time reso¬ 
lution and without resorting to refrigeration of the 
photo-tube. Most of the records to date have been made 
with a Gi of approximately 10^, and only on rare occa¬ 
sions has there been need for the maximum value. 

The chopper was originally designed to produce a 
sinusoidal modulation of the light, as this seemed to be 
the easiest type of signal to amplify and required the 
least band width, but excessive pen vibration caused by 
the ripple component of the rectifier output demanded 
a modification of the wave form. The chopper was 
changed, therefore, to give a nearly square wave form 
for which the average rectified d.c. is almost equal to the 
peak value and the ripple correspondingly low. This 
change necessitated a greater band width in the ampli¬ 
fier, at least 300 c.p.s. according to the well known rule- 
of-thumb that the highest frequency required is ten 
times the fundamental (30 c.p.s. in this case) for good 
reproduction of square waves. Since the amplifier had 
appreciable response even at 10 kc this presented no 
difficulty and there remained only the question of the 
effect of stray capacity in the input circuit. Because of 
the feed-badt, the stray capacity is effective]^ reduced 
to a negligible amount. 

commutator shown in Fig, 3 is sdhenlAtic cniiy^ 
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If constructed as shown, it would have a frequency 
twice that of the chopper, which admits light for one 
half revolution of the shaft and blocks it for the second 
half. Actually, all four brushes are disposed along the 
commutator in the same axial plane and the segments 
are cut as shown in the development of Fig. 4. 

The i-A*/ condenser across the recorder terminals is 
largely of psychological value in checking operations, 
since the high frequency brush noise does not affect the 
recorder but does make the interpretation of oscilloscope 
patterns difficult. 

The chopping frequency of 30 c.p.s. was chosen in 
order to eliminate any possibility of interference from 
OO-^yclc power lines. If one assumes an input wave of 
any form whatever, of fundamental frequency /o, and 
operates upon it with a square-wave switching function 
of the same frequency suitably phased, analysis will 
show that the output will contain d.c, and all odd har¬ 
monics of /o. Therefore, if an expected interfering fre¬ 
quency is any even harmonic of /o, it will not be regis¬ 
tered by the recorder. By choosing /o*=30 c.p.s., one 
makes the power frequency and all its harmonics even 
harmonics of the chopping frequency and hence of no 
imjwrtance unless the interference is so strong as to 
cause overloading ahead of the rectifier. It is still true, 
however, that excessive 60-cycle interference will cause 
needle vibration, and for this reason every effort has 
been made to keep the residual hum level as low as 
possible. 

The power supply circuit is not shown as it is quite 
conventional. All amplifier voltages are stabilized by 
gas regulator tubes and the 1000 v for the photo-cell 
by a degenerative vacuum tube regulator. The heater 
winding of the power transformer is not directly 
grounded, but is connected across a 100-ohm potenti¬ 
ometer, the arm of which is connected to the chassis. 
By proper adjustment of the latter, the hum level at the 
recorder terminals with the commutator stopped can 
be reduced to 2 or 3 millivolts. 

CONTROL CIRCUIT 

The various mechanical motions required of the in¬ 
strument are controlled by cam-operated switches 
driven by the recorder motor, in conjunction with limit 




switches on the azimuth and altitude axes and several 
control relays mounted in the photometer base. 

The various scanning motions described under Design 
Considerations are chosen by a selector switch mounted 
on the side of the base compartment (knob, Fig. 2). The 
3-position toggle switch (Fig. 2) allows the operator to 
change the altitude independently of the control cir¬ 
cuit when the selector switch is in the '^monitor*' or 
“manual” position. The push buttons allow manual 
operation of the master and calibrating shutters in the 
fourth, or “manual” position of the selector switch. 

Since the recorder and altitude motors are both 
synchronous, there is a one-to-one correspondence be¬ 
tween the elevation of the photometer and the angular 
position of the recorder camshaft, making it possible to 
synchronize the operation of the calibrating shutter 
with that of the main shutter even though the latter is 
controlled by the altitude motor and the former by the 
recorder motor. Although the altitude motor stops itself 
by opening its limit switches, it cannot start again until 
ordered to do so by the recorder motor, so that syn¬ 
chronism between the shutters and the altitude motion 
of the photometer is always assured. 

A temporary loss of synchronism between the altitude 
and azimuth motions can occur if the instrument is 
started in an arbitrary configuration, but in the worst 
case this will mean only that the fijrst two altitude 
sweeps will be on the same azimuth, after which all the 
motions will interlock properly. By observing the posi¬ 
tion of the camshaft and the direction of the azimuth 
plate, an operator soon learns to start up with no lost 
motion. 

Because of the synchronous drives, a given arc in 
altitude is always represented by the same length of 
chart (13.5 in. per deg.), which makes the reading 
of the records quite easy. When operated from a com¬ 
mercial power line, the length of a record is also an 
accurate measure of elapsed time (3.2 min. per 13.5 in.) 
but usually in field work a portable generator is used 
and time is marked on the record by means of a second 
chronograph pen controlled through electrical contacts 
by a spring-driven clock. 

Although the control circuitry is complex, it is suffi¬ 
ciently straigbtofrward that a detailed circuit diagram 
and explanation are not deemed essential in a paper of 
this length. 


FBRRORMANCR 

Since August 1948 the automatic photometer has 
been in operation every clear night during the dark- 
moon period, that is, al^ut 4 days out of every 28, and 
has proved to be so productive that new method of 
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analysis have had to be devised to keep up with the 
flood of data. 

Most of the work has been done in three lOOA bands, 
isolated by interference filters chosen to center as nearly 
as possible on wave-lengths 6300 [01], 5890-6 Nal, 
and 5577 [01]. 

An example of the data furnished by the instrument 
is shown in Fig. 5, which is a record of a 5577A sweep, 
from NNW to SSE, made with an amplifier gain of 
3,4X10*. Combining this figure with the published 
sensitivity of a 1P21 (14,800 amp. per watt at 5577A) 
and the maximum recorder current of 0.7 ma read from 
the record, one obtains for the maximum total power 
received during this sweep 

7X10-* 

-1.4X 10~^* watt. 

3.4X10<X 1.48X10* 

The small irregularities in the line are caused by random 
noise from the photo-multiplier, while the larger bumps 
represent the various stars identified in the figure. The 
steady increase in intensity of the 5S77A radiation from 
the zenith to points near the horizons is caused by the 
increase in optical thickness of the emitting layer as it 
is viewed more and more obliquely, offset to some extent 
by the increasing thickness of the absorbing lower 
atmosphere. Finally, at elevations of about 10 deg., 
the absorption begins to increase so rapidly that the 
intensity falls essentially to zero in a few degrees. A 
detailed presentation of the data and their interpreta¬ 
tion will appear in a later paper.* 

Just below the chart grid is the line drawn by the 
azimuth-indicating pen. The displacement of this line 
immediately following the closing of the shutter indi¬ 
cates that the instrument has just finished the final 
altitude sweep and that the azimuth plate'is returning 
to North to begin a new cycle. No timing marks or 

•Preliminary notes have been published by F. E. Roach and 
Daniel Barbier, Pub. Astronom. 1^. Pic. 61, 88-92 (1949). 


calibrating steps are shown on the record because the 
clock and luminous shutter were not yet finished when 
the run was made. This record shows also that the 
instrument is completely free from zero shift. On one 
occasion only, while using an experimental photo¬ 
multiplier at high gain, a shift of several chart divisions 
was observed and was found to be due to synchronous 
vibration of the elements of the tube. Substitution of a 
less microphonic tube corrected the fault, which has 
not occurred since. 

FURTHER DEVELOPMENT 

Alterations suggested by four months of field use and 
by the need for an airborne instrument are now under 
way. When finished, the instrument will be completely 
remote-controlled by synchro drives and adcUtional 
cabling. 

In addition to the remote control of the sensitivity 
switch which already exists, there will be, on a central 
remote panel, controls for rapid traverse in altitude and 
azimuth in either direction, the selector switch of Fig. 2, 
and indication, via synchro drives, of the altitude and 
azimuth angles. The rapid traverse in altitude will be 
accomplished by switching the altitude motor from 60- 
to 400-cycle power. The switches shown on the base in 
Fig. 2 will be removed so that all control will be vested 
in a single remote center, that is to say, in a comfortable, 
heated Quonset Hut, while the photometer alone braves 
the inclement winter weather which seems to be a 
cherished tradition of observational astronomy. 
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An ax* operated power supply has been developed which furnishes voltage for the electrostatic analysers 
for the University of Wisconsin electrostatic generator. Voltage is continuously variable from about 5000 
to 50,000 with stability and accuracy of measurement within d=0.01 percent. The stabilizer is of the usual 
degenerative type, but the error signal is amplified by a phototube galvanometer d.c. amplifier and applied 
to a series imp^ance in the high voltage transformer primary circuit. The generator beam energy auto¬ 
matically follows adjustments of a low voltage potentiometer used for voltage measurements in this supply. 


INTRODUCTION 

T he Wisconsin electrostatic generator furnishes 
positive ions of continuously variable energy 
which can be determined to about 0.1 percent accuracy. 
The generator has an automatic energy control system 
which has been described by Hanson^ and Ashby.^ This 
system is operated by a signal derived from an electro¬ 
static analyzer which measures the energy of the di¬ 
atomic beam. A second analyzer described by Warren 
et al? may be used to select a portion of the output beam 
of the generator to give high energy resolution. In 
practice, the plate spacings of the two analyzers are 
so adjusted that a single voltage source can be used 
for both. 

Previously a v30 kilovolt stack of dry batteries had 
been used for precise work using the electrostatic 
generator. The difficulties encountered in using batteries 
for a voltage source have been described by Herb el alf 
Varying internal impedance, voltage drWts, and the 
tedious procedure necessary to obtain a given voltage 
made the battery source very inconvenient. 

It was decided to replace the dry batteries with an 
a.c. operated power supply having a continuously vari¬ 
able output voltage, which in the range of about 5-50 
kilovolts would be known to better than one part in 
ten thousand. It was also desired to use a standard low 
voltage potentiometer (0--1.6 volts) for voltage measure¬ 
ment. The vacuum tube amplifier conventionally used in 
regulators of this type has b^n replaced by a phototube- 
galvanometer combination which is simple, free from 
drift, and insensitive to stray induced voltages,®-• 


ing the 4(X)-cycle voltage applied to the primary of the 
high voltage transformer. Stabilization is accomplished 
by means of a variable impedance transformer^ in the 
primaiy circuit of the high voltage transformer. The 
stabilizing action is as follows. 

Reference voltage is furnished by a type B Rubicon 
potentiometer. For regulation, a comparison voltage is 
picked off the high voltage divider at the 75()-ohm taps 
as shown. Any difference between the comparison volt¬ 
age and the reference voltage on the potentiometer 
represents an error voltage and is applied to the photo¬ 
tube galvanometer amplifier,®*^ the operation of which’ 
is described below. The amplified error voltage is ap¬ 
plied to two single-stage, direct-coupled, vacuum tube 
amplifiers. The output of one of these amplifiers fur¬ 
nishes grid bias voltage to a pair of 6i?4 triodes which 
form a variable load on the secondary winding of the 
variable impedance transformer. Specifically, if the out¬ 
put voltage is too high, the amplified error furnishes 
more negative bias to the grids of the triodes, thereby 
increasing the series impedance of the transformer and 
lowering the primary voltage until the error is mini¬ 
mized. Similarly, if the output voltage is too low, less 
negative bias is applied until the primary voltage is 
raised to minimize the error. A typical curve showing 
the regulation action at 20 kilovolts is shown in Fig, 2, 
The rapid increase in error shown by the error curve is 
due to the light pattern leaving the phototube, thereby 
resulting in loss of stabilizing action. One should notice 
that as long as the regulator is in operation and utilizing 
maximum gain, the error is less than 0.02 percent. For 


FRINCIPLBS OF OPBRATION 

A block diagram of the system is given in Fig. 1. 
The power supply proper consists of a conventional 
rectifier and filter circuit. Primary power is supplied by 
a 400-cycle, 110-volt alternator, the output of which is 
stabilized with an auxiliary field regulator. Gross ad¬ 
justments in voltage are made with a variac by adjust- 


1 A. 0. Hwison, Rev. Sd. Inst. 15, 57 (1944). 

* R, M. Ashby and A. O. Hanson, Rev. Sd. Inst. 13,128 (1942). 
•Warren, Powell, and Herb, Rev, Sd, Inst, 18. 559 (1947), 
«Herb, Snowdon, and Sala, Phys. Rev. 75, 246 (1949). 

• Sten von Fdesen, DisssrtaHon Uppsah, 1935. 

« R. W, Gilbert, Rev. Sd. Inst. 7, U (1936). 



Fig, 1. Block diagram of power supply and regulator. 


^L. N. Ridenour and C. W, Lampson, Rev. Sd. Inst. 8, 162 
(1937). 
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Fig. 2. Regulation curve at 20 kilovolts. 


a ±5 percent line voltage change near the operating 
point, the total error is less than 0.0025 percent (less 
than J volt in 20,000 volts). This curve was taken in the 
high current output taps (E) without auxiliary filtering. 
To prevent oscillations caused by overcorrection, the 
second vacuum tube amplifier supplies a differentiated 
error voltage to the galvanometer and thereby furnishes 
viscous damping by electrical means. 

While this regulator is in operation, fine adjustments 
of output voltage are readily made by merely adjusting 
the potentiometer voltage. The range of control at a 
single variac setting is about d=30 percent. Larger 
changes require adjustment of the variac to a new 
operating range. In the existing model this is done auto¬ 
matically by a thyratron-controUed motor drive on the 
variac (not shown). If put into operation, this motor 
control minimizes the error to within some present value 
and turns itself off automatically, 

DBSCUPTIOir 

400-Cycle Alternator and Regulator 

A l.S-kva, 115-v, 400-cycle Leland generator driven 
by a 3-phase induction motor is used for the source of 
power. Two field windings are available on this alter¬ 
nator so that a degenerative regulator is easily applied 
to it. The electronic regulator circuit shown in Fig. 3 
was designed by J, L. McKibben.® It varies an opposing 
magnetic field in the alternator to stabilize the peak 
generated voltage to about one part in 3000. The output 
is entirely independent of normal line voltage fluctua¬ 
tions. This auxiliary stabilization is required because 


the inertia and electrical damping of the galvanometer 
prevent it from correcting for very rapid line voltage 
fluctuations. 

High Voltage Rectifier and Filter 

The high voltage rectifier and filter circuit is shown 
in Fig. 4. The center tap of the output is at ground 
potential as is necessary for use with the Wisconsin 
electrostatic analyzers. The 20-second time constant of 
the voltage doubling capacitors and bleeder resistor, 
together with the 800 cycles per second charging rate, 
give a peak ripple voltage of about one part in 30,000, 
However, an additional resistance capacitance filter 
section is normally used as it has been found that this 
reduces the magnitude of small irregular fluctuations 
which may appear when irregular bursts of current are 
drawn by the analyzer. Taps E are used when the 
supply is used to furnish high currents. Presumably, the 
supply will operate for any steady current load within 
the rating of the high voltage transformer. The con¬ 
densers used have a resistance greater than 10,000 
megohms, so that no correction is necessary for the 
leakage current. 

High Voltage Divider 

The characteristics of the high voltage divider deter¬ 
mine the stability and accuracy of voltage measurement 
for the 50-kv supply. Corona currents, leakage currents, 
or resistance changes will result in a departure from the 
expected dividing ratio. The divider has been built to 
give a constant dividing ratio to better than 0.01 percent 
under all operating conditions. A somewhat similar 
design has been successfully used at Wisconsin since 
1941. The divider consists of forty one-megohm man- 
ganin resistors specially manufactured and selected by 
the Shallcross Company. The resistors are mounted in 
groups of three each between corona free shields sup¬ 
ported by 3-in. Mycalex insulating columns os shown in 
Fig. 5. Two sections of 20 resistors each are enclosed in 
7i-in Lucite tubes which are arranged in an airtight sys¬ 
tem through which dry air is circulated by a blower in 
the base, Dtying compound is inserted in both ends of 
the base for initially drying the air. The use of manganin 



® J. L. McKibben, Phyt, Rev. 70, U7A <i046). 
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wire and circulated air reduces all temperature effects 
to a negligible amount. Low voltage taps on each section 
at 750 ohms, 2250 ohms, and one megohm from ground 
are available for measuring, regulating, and monitoring 
purposes. 

The resistor stack is standardized and checked for 
long time stability by an occasional measurement of 
the Li^{^, n) thr^hold energy, using the Wisconsin 
electrostatic generator. No change in ratio has been 
detected in six months of operation. 

Galvaiiometer«-Photo«tttbe Amplifier 

Figure 6 shows the electrical and optical details of the 
galvanometer-phototube amplifier.*'A Type 920 twin 
phototube is Uluminated as shown, by light reflected 
from the mirror of a galvanometer. The phototube is 
positioned so that its output voltage is zero when the 
galvanometer is undeflected. Under this condition the 
two cathodes of the 920 are about equally illuminated. 
If an error voltage is applied to the galvanometer, it will 
deflect, moving the light pattern parallel to the long 
dimension of the cathodes. The illumination is thus 
unbalanced and a voltage will appear at the output 
terminals, the polarity of which depends upon the direc¬ 
tion of galvanometer rotation, or upon the polarity of 
the error voltage. The gain can be conveniently ad¬ 
justed to a desired value, by varying galvanometer 
sensitivity, light intensity, or length of light path. A 
gain of about 10* is used at present. 

The deflections of the galvanometer are an indication 
of the error. As an example of the regulation under 
unfavorable conditions, i.e., at 5000 volts, 0.01 percent 
error will cause the light pattern to move about 6 
centimeters. In operation, however, deflections are ob¬ 
served to be less than one millimeter. Thus average 
stability is considerably better than 0.01 percent. 

In this connection it should be noted that the normal 
mechanical drift of the zero position of the galvanometer 
is less than one millimeter. One millimeter deflection 
corresponds to 4X10~^ ai^lied volt. This low equiva¬ 
lent input voltage drift is the principal reason that the 
jfliototube-galvanometer amplifier was used in prefer¬ 
ence to a vacuum tube amplifier in this regulator. 

Vacuum Tube Amplifiers 

The high internal impedance of the phototube made 
it necessary to isolate the following amplifier grids with 
a cathode follower. These two identical amplifiers are 
of the series balanced type,* capable of amplifying volt¬ 
ages of either polarity, and have gains of about 30. 

The output of one amplifi^ (\^-3) shown in Fig. 7 
furnishes voltage which is added to or subtracted from 
a fixed bias of 35 volts on the grids of the 6^4 variable 
impedance triodes (VT-5, -6). 

The ontpnt of the second amplifier (VT-2) is coupled 
thzoue^ ^ Sprague Vitamin Q cemdenser (C*l) to one 

Artst, EJeettoniea Augittt 1945, 



Fio. 5. High voltage resistor stack. 

galvanometer terminal. This capjacitance and its associ¬ 
ated resistances are of sufficiently small time constant 
that the voltage thus supplied to the galvanometer is 
effectively the derivative of the error signal. Thus the 
electrical equivalent of viscous damping is supplied, 
and the oscillations which will otherwise develop are 
prevented, without loss of sensitivity. The selection of 
the differentiating capacitance (C-1) was made by ex- 
j)eriment and it is not clear whether the optimum value 
is being used or not. A front panel gain control for the 
differentiating amplifier has proved to be convenient. 

Indicators and Controls 

For convenience in starting, adjusting, and observing 
the operation of the power supply, panel meters are 
provided to indicate the output voltage of the bias 
amplifier (VT-3), and the voltage across one 750-ohm 
section of the voltage divider. In order to avoid shunting 
the 750-ohm resistor, a vacuum-tube voltmeter (VT-1) 
of high input resistance is employed. 

The only panel controls needed for operation are a 
switch for connecting and disconnecting the potenti¬ 
ometer and the galvanometer (5-1), a variable gal¬ 
vanometer shunt resistance (RAS) and switch (S-2), a 
gain control (R-8) for the differentiating amplifier, and 
the variac. The remaining variable resistances require 
only initial adjustment. The bias meter has a switching 
system (not shown) which allows its use as an indicator 
for the initial balancing of the circuits. 



Fto. 6. Photo-tube^galvanometer amplifier. 
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Fig. 7. Circuit diagram of regulator. 


VT-l. 2. 3: 

6SL7 

R\: 

IJC Iff Pot 

VT-4: 

nAU7 

R-2: 

SJC 1/2W 

VT-S, 6: 

6B4-G 

/1-3: 

5.6iC \/2W 

VT-7: 

920 

ie-4: 

11.2K i/2W 

VT-fi: 

SV4G 

R.5: 

100/C \W Pot 

VT-9: 

0B2/VRI05 

7: 

47K2W 

C-1: 

0.25 /tf Sprague 
Vitamin Q 

R'S, 9: 
K-10: 

SM iW Pot 
2.2Af 1/2W 

C-2, 3: 

4 Mf 600v oiT 


22M i/2W 


K-12: 2.SK IW Pot 
R^IS; 47K \/2W 

R‘iA: lOk iOW Wire wound adjustable 
l.oiC 1/2W 

R-J6; 6K 20W Wire wound adjustable 
50/C2ir 

Z.-1: ioHYiOMA 
L-2. 800H4 $MA 


T‘ 1: Power transformer Secondary: 

ftOOv CT Primary: 30y (several 
Slament wlndli^ in series 
aiding) 

T~2: Filament transformer 6.3 volts 

r-3: Stancor P6143 

r-4 : Thordarsonr-2 1F08 

B»l. 2: 4S volts 
Jkf>t«2:200/mfull scale 


OPERATION 

The following procedure is used in putting the regu¬ 
lator into operation. 

With galvanometer disconnected (5-1), the shunt 
(2i-lS) at minimum resistance, and the variac turned 
to zero, the potentiometer is set to the proper fraction 
of the high voltage desired. The reading of the vacuum 
tube voltmeter is noted. The potentiometer is then dis¬ 
connected, and the variac is turned up until about the 
same reading is noted. The potentiometer is again con¬ 
nected and the galvanometer switch (5-1) turned on. 
Next, the galvanometer shunt resistor is gradually in¬ 
crease. If an osdllation occurs, it will be indicated by 


fluctuation of the bias meter and oscillation of the 
galvanometer light pattern. The oscillation should then 
be stopped by advancing the gain control of the differ¬ 
entiating amplifier. Finally, the galvanometer shunt is 
removed (5-2) entirely. 

When small voltage changes are desired, it is only 
necessary to change the potentiometer setting. The high 
voltage follows automatically to the new value. For 
large changes in voltage, it may be neoessaiy to shunt 
the galvanometer during the process. 

TTiis work was supported in part by the Wisconsin 
Alumni Research Foundation and in part by the 
Atomic Energy Cmnmisnon. 
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A Low Temperature Single Crystal X-Ray DifEraction Technique 

H. S. Kaxtfman* and L Fankuchen 
Polytechnic Institute of Brooklyn^ Brooklyn, New York 
(Received June 23, 1949) 

A low temperature x-ray diffraction technique, especially suitable to single crystal work, is described. 

Crystals arc grown in glass capillaries on the x-ray camera. Position and orientation are determined with 
the aid of a polarizing microscope on the apparatus. A special specimen holder is used which prevents mois¬ 
ture condensation and permits rotation and oscillation of the specimen while it is being cooled. 


/k RELATIVELY simple method has been de- 

^ veloped for low temperature x-ray diffraction 
studies of materials which are not normally solid at 
room temperature. The method is particularly applica¬ 
ble to single crystal work and may also be used for 
Debye-Scherrer powder diagrams. 

Other low temperature methods have been described 
by, among others, i*onsdale and Smith,^ Hume-Rothery 
and Strawbridge,* and Vonnegut and Warren.* The 
present procedure has been found to be flexible and has 
the advantage that crystals are grown in glass capil¬ 
laries on the x-ray camera under controlled conditions, 
in the field of a polarizing microscope. This enables the 
observer to determine the position and orientation of a 
single crystal (when anisotropic) with relative ease. 

In order to achieve the desired flexibility it was neces¬ 
sary to design a special specimen holder which fits on a 
standard goniometer head. The holder is a double 
walled cylinder with Bakelite end pieces (see Fig. 1). 
Its dimensions are: height 4 cm, diameter 3 cm. The 
walls are made of very thin (0.6 ml) unstressed poly¬ 
styrene film and are separated by a f-cm dead air space. 
This double-walled arrangement provides insulation and 
prevents the condensation and freezing of atmospheric 
moisture on the specimen. Thin, unstressed polystyrene 
was used because of its low absorption of x-rays and its 
non-interference with the polarized light observations 
of the growing crystals. 

The cooling system consists of a jet of cold compressed 
gas (usually nitrogen) which impinges on the specimen. 
The gas is cooled in a copper heat exchange coil which 
is immersed in dry ice solvent mixture or liquid nitrogen. 
The gas is directed by a nozzle tipped tube (supported 
by the top of the camera) into the central hole of the 
specimen holder. This arrangement permits complete 
rotation and enables one to obtain a twenty degree 
angular adjustment of the specimen while mamtaining 
the cooling gas flow. 

The upper end piece of the specimen holder has a 
central tapered hole with a sealed-in, glass nozzle which 
acts as the gas inlet and directs the cooling gas over the 


specimen. Two smaller holes on the side of the main 
central hole provide a gas outlet. 

The specimen consists of a sealed-off, thin-walled 
(0.03 mm) glass capillary tube about f mm in diameter 
which contains the liquid to be studied. This is sup¬ 
ported by the lower end piece of the holder so that it is 
on the axis of rotation of the system and in the path of 
the nozzle. The length of the specimen is about 3 cm 
and is adjusted so that 2 or 3 mm of the specimen project 
into the nozzle tip. 

The above described assembly, including goniometer 
head, is set on a Unicam type single crystal apparatus. 
A 10 cm diameter cylindrical camera is set around the 
specimen holder. The camera is of the open side type 
so that the necessary manual adjustments of the goni¬ 
ometer arcs may be readily made. Film contained in a 
black paper sheath is secured to the outer circumference 
of the camera when an exposure is to be made. 

The optical system consists of a removable light 
source behind the x-ray pinhole system, a pair of polar- 
old plates and a horizontal microscope. One polarizing 
plate is mounted between the pinhole system and the 



Fig. 1. Sketch of low temperature single crystal apparatus. 
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* K. Lonsdale and H. Smith, J. Sd. Inst. 18,133 (1941). 

•B. Vonnegut and B. E. Warren, J. Am. Chem. Soc. 58, 2459 

<t9S6)s Fig. 2. Photograph of bw temperature single crystal apparatus. 
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Fig. 3. Loav temperature single crystal oscillation 
diagram of cyclooctatetraene. 

lamp and the second (crossed relative to the first) is just 
in front of the microscope objective. The polaroids are 
mounted in such a manner that they may be rotated 
simultaneously about the axis of the x-ray pinhole 
system. (See Figs. 1 and 2). 

In practice the capillary containing the specimen is 
centered in the path of a light beam defined by the 
x-ray pinhole system. A cold jet of gas is then directed 
at the specimen. It has been found that fast cooling 
(rapid gas flow) causes supercooling of the liquid and 
subsequent instantaneous freezing of the entire liquid 
column. This results in a raultkrystalline powder speci¬ 
men. For single crystal diagrams the specimen is first 
frozen as for powder specimens. The gas flow is then 
shut off, allowing the specimen to partially melt. The 
melting process begins at the bottom of the capillary 
tub^ and gradually creeps up the tube. When all but 2 
or 3 mm of the specimen is fluid, the gas flow is resumed 
at a slow rate. There remain seed crystals in the upper. 


frozen portion which provide a nucleus for further slow 
growth. With reasonable care by freezing, melting and 
refreezing the specimen, one can obtain a satisfactory 
single crystal. 

The freezing process is observed through the polariz¬ 
ing microscope and it is a simple matter (for anisotropic 
cr 3 ^tals) to determine the orientation and single crystal 
character of the specimen. Should a desired crystal 
direction, as indicated by the polarizing microscope, be 
tilted at an angle the entire specimen holder may be 
reoriented with the aid of the goniometer arcs. If the 
crystal is not perfect or at such an angle that it cannot 
be adjusted with the goniometer, the specimen is again 
partially melted and slowly frozen. Repetition of this 
procedure usually results in a satisfactory smgle crystal. 
Single crystal specimens appear transparent as com¬ 
pared to the opacity of polycrystalline specimens. 

Once a well-oriented specimen has been obtained, one 
removes the light source and polaroids and the entire 
unit is placed before the x-ray tube. The x-ray beam 
being defined by the same pinhole system as was the 
light beam, it passes through the crystal as observed 
in the optical system. An oscillation diagram is taken 
and minor adjustments may be made in the orientation 
of the crystal. The crystal is then ready for a complete 
series of diffraction diagrams. 

The above described method has been used success¬ 
fully for single crystal studies of benzene and cyclo¬ 
octatetraene. These materials melt at S® and —7° re¬ 
spectively. Using the readily available dry ice-solvent 
mixtures as refrigerant one can attain specimen tem¬ 
peratures as low as —60® depending upon the rate of 
gas flow, A representative single crystal diagram of 
cyclooctatetraene is given in Fig. 3. 
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Construction and Calibration of a Cylindrical Electrostatic Analyzer 

S. K. AmsoN, S. P. Frankel,* T. A. Hall, J. H. Montaotte, A. H. Morribh, and S. D, Warshaw** 
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A cylindrical electrostatic deflector has been constructed with 
average radius 15 cm, spacing 0.5 cm and deflection 90^, in which 
iht deflecting potential can be in the neighborhood of 50 kv. 
Thus protons up to 0.75 Mev can be focused. Movable slits have 
been incorporated in the design, and the geometry of the entrance 
and exit apertures of the deflecting channel is such that the stray 
field may be calculated analytically. This has been done for the 
case in which the deflecting plates are symmetrically charged 
above and below aero potential. The predictions have been com¬ 
pared with experiments on the focusing of electron beams by the 
instrument under controlled conditions. Agreement with the 


calculations is demonstrated within the accuracy of the experi¬ 
ments, which is about 0.3 percent. 

Experiments with asymmetric charging of the electrodes are 
reported and shown to agree with a plausible extension of the 
theory. Further experiments investigated the effect of snmll dis¬ 
placements of the slits from the computed focal positions. A set of 
factors, or calibration constants, has been measured so that, given 
the coordinates of the centers of the entrance and exit slits, and 
the potentials applied to the deflecting plates, the kinetic energy 
of the focused ion beam, as it left its source at aero potential, can 
be calculated to within 0.3 percent. 


1. INTItODUCTION 

N the cylindrical electrostatic analyzer a deviation 
in direction of a beam of charged particles is caused 
by passing them into an electric field between conduc¬ 
tors which are sections of coaxial cylinders by planes 
perpendicular to the cylinder axis. Such analyzers have 
been used in experimental nuclear physics with three 
rather different objectives in mind. 

(1) An energy selector in the first stage of mass spec¬ 
trometers, The analyzer focuses particles of a certain 
charge and kinetic energy, even if these enter it in 
slightly divergent directions. Explorations of the theory 
of the instrument, mainly with this application in mind, 
are in the literature.**?^ 

(2) An absolute energy spectrometer. From the observa¬ 
tion that a group of particles traverses the analyzer and 
is focused at the exit focus, a determination of the 
kinetid energy of the particles (their charge being 
known) can be made in terms of the radii of the plates, 
and the deflecting voltages,*”*® 

(3) A high resolving power energy seledor for high 
energy ion beams. By using large radii of curvature, and 
narrow entrance and exit slits, beams homogeneous in 
energy to within 200 electron volts can be selected from 
an approximately parallel 1 Mev beam containing an 
energy spread of 5000 volts,***** 


The theoretical calculations and the experiments of 
this report are concerned mainly with the second of the 
applications listed above. 

IL DESIGN 

A. General Considerations 

The elementary formulas of the electrostatic analyzer, 
including location of the focal points, have been given 
by some of the authors previously quoted, and their 
deduction will not be repeated here. Table I gives the 
notation used in this article, and some of the elementary 
formulas. 

The relativistic expression for W in Table I applies 
if the kinetic energy of the ion is small but not negligible 
compared to its rest mass energy. Remembering that 
Vx and Fj are in volts, and using the second law of 
motion in the sense that rate of change of momentum, 
rather than mass times rate of change of velocity, is 
involved, we obtain 

or 

(9) 

since the magnitude of ^ is pv/r. 

The following relativistic expressions, with the kinetic 
energy W in electron volts, are well known. 


* Now at California Institute of Technoli 
** Assistant in the Institute, tuppori 
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... by the joint proeram 
oftheONRandtheAEC. . 

* A. L. Huiihes and V. Rojusky, Phys. Rev. 34, 284 (1929). 
- • • Zeits. f. Physik «9, 447 (1934); (b) Arehiv. f. 


i, 790 (1935) :'(c) Zeia f? WvfUam 
Iter, Phys. Rev. 31, «7 (1*36). 


*R.Hei 
Blekti 
»A. 

* Allbo^ Ornves, Skani, and Smitk Phys. Rev. 35,107 (1939). 

* L. S. Skagom Pnys. Rev. 83, 24 (1^). 

* J. Mattauek, Mys. Rev. 57,530 (1940). 

' AllisontSkagcs, and SmitluPhys. Rev. 57, 550 (1940). 

A. 0. Hanson nnd D. L. Benedict, Phys. Rev. fi, 33 (1944). 
Herb, Snowdon, and Salt, Phys. Rev. 78, 246 (1949). 

* L, dd Rosario, Phys. Rev. 74,304 (1948). 

* F. T. Ronrs, Ir., (a) Rev. 8d. Inst 8,22 (1937); (b) Rev.'Sd. 
Inst. 11 t97l94(S. 

>• H. V. Ano, Phys. Rev. 74,1293 (1948). 

4WanwCPowril,and Hath, Rev. Sd Inst. 18.539 (1947). 

« fowler, Uunitsen, and taiuitien,Rev.Sd. Inst,18,818(1947). 


P^-^^^-m{(W/qy+2m^W/q]K ( 11 ) 

When substituted in (9), they lead to £q. (2) when 
higher powers of W/(2qmt^) are neglected. 

In designing an electrostatic analyzer for the coUec* 
tion of particles diverging from a point source, the ques- 
Uon of its window or collecting power is of great impor¬ 
tance. The collecting power may be de^ed as the 
fractum of particles, homogeneous in kinetic energy. 
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TaBI£ I. 


Table I—{Cent.) 


Sym bol$ 

Interpretation 

t " 

Numerical values 


A. Notation and certain numerical values 

fi, (ft) 

Radius of inner, (outer) wall of 
deflecting channel 

14.7SOdbO.O0O3 cm 
15.2S0±0.0003 cm 

f 

Geometric mean radius; (rtn)^ 

14.998 cm 

ft 

Radius of a concentric circular 
orbit traversed by the central 
ray of a bundle of divergent 
ionic rays 



ro-f 

— 


Radial displacement of the 
focal line due to stray field out¬ 
side condenser mouUi 

-0.156 cm 
(calculated) 


Radial displacement of the 
center of the slit aperture from 
the uncorrected focus 

— 

w 

(f«-n)/2 

0.250 cm 

(r.0) 

Polar coordinates of an ion in a 
general position. lies at 

the entrance aperture 

Analyzer plates ex¬ 
tend from fl«0 to 
ea.Bw-90". 

Ki, (Vt) 

Deflecting potential, in volts, 
applied to the inner (outer) 
electrode 

— 


Vt--Vx 

0< 1 ^1 <60 kv 

t 

Charge of an ion in electron 
units. « — — 1 for electrons 

— 

fflO 

Rest mass of an ion in grams 

— 

W 

The kinetic energy, in electron 
volts, of an ion traversing a 
circular orbit through the ana- 
lyztTt the orbit being centered 
on the cylinder axis 

w^u,mz{Vt-Vi) 

(non-relativistic; 

calculated) 


Electron volts per erg 

(L602X10-")-! 


and emitted isotropically from a pwint source, which 
can be brought to the exit focus. In studying the prod¬ 
ucts of a nuclear reaction produced by an mcident beam 
of i microamperes and having a cross section a, the 
collecting power sets a lower limit to the product icr, 
below which insufficient counts wUl be observed from 
a given target to obtain acceptable statistical accuracy. 
In the case of the third application mentioned above, 
where the incident beam of particles is' essentially 
parallel, the consideration of collecting power is not so 
important, and for this purpose analyzers of approxi¬ 
mately 1 meter radius have been used. 

The maximum collecting power of a cylindrical 
analyzer is approximately 1/4t times the solid angle 
subtended at the entrance focus by a rectangle of width 
and height equal to the height of the beam 
halfway through the analyzer. 

If is the distance froip the point source to the en¬ 
trance aperture of the analyzer, the collecting power is 


Symbols Interpirtation Numerical valuei 

c Light velocity; cm/sec. 2.998X10^® 

ic l21n(r*Ai)ri 14.999 

luli Entrance and exit conjugate — 

focal lengths of the analyxer^ 
measured from foci to the 
planes ^■-(l/2)ir respec¬ 
tively 

I The common value of h and It 5.29 cm (calculated) 

for equal conjugate foci 

(t^o) An ion passing through the OKWo/sKlSOky 

analyzer on a concentric circu¬ 
lar orbit of radius f, (f) had the 
kinetic energy W^o, in 

electron volts, when it left the 
source, at potential zero 

Eo(r) The electrostatic field, in volts 

per cm, well inside the deflect¬ 
ing channel where perturba¬ 
tions due to the entrance and 
exit apertures have become 
negligible 


E(r, $) or The electrostatic field at any — 
y) point 

B. Basic equations and formulas 

r.-K,+2ic(K,-r01n(f/ri) (1) 

Vt)/{i-Kz(Vi- Vx)/2qm^\ (2) 

(3)* 

cot(S„„V2)!/\2 (4) 

V2 8in(tf„..V3) 

ro-IF+*(F,-|-2«t(F,- K.) ln(f,/f,)| (6) 

(7) 

£o(r)-(K,-r,)/|rln(r,/r,)l (8) 

* The difference between ? and \ (n -fri) U negligible. 


approximately 


h(rt-ri) 

4^ max f+iy 


( 12 ) 


A is the extension of the beam parallel to the cylinder 
axis as it passes through the midpoint of the anal)mr. 

The maximum value of the collecting power for any 
given analyzer will result from h—O, that is, the source 
placed directly in the analyzer entrance. This is not 
convenient experimentally, however, and the present 
analyzer is used with the two focal distances equal. The 
collecting power under this condition is 



Using the dimensions of our analyzer, and takii^i 
A“ 1.25 cm (half of the height of the exit aperture), we 
obtain 2X 10~* for the collecting power. 
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Thus, small radius of curvature and hrge (r*—ri) 
contribute to high collecting power. However, changing 
f and (r 2 “^i) in the direction of higher collecting power, 
rapidly decreases the energy Wo of the incident particles 
which can be deflected by a given potential difference 
between the plates, and thus puts an increasingly 
lower upper limit on the range of energies to which 
the instrument can be applied. The design must be a 
compromise between the two objectives. Both limits 
become less stringent the higher the deflecting poten¬ 
tials, and thus there is an incentive toward designs 
which Thermit high voltages to be placed on the deflect¬ 
ing plates. Previous experience had shown that under 
standard laboratory vacuum conditions (unbaked metal 
surfaces large in area exfwsed in the vacuum; occasional 
admission of air and re-evacuation; pressure <10~^ 
mm), fields of 100 kilovolts per centimeter could be 
maintained in an analyaser without unduly increasing 
the background counting rate of the particle detector. 
With the dimensions given in Table I, the analyzer, 
relatively small and light compared to a magnetic de¬ 
flector of equal power, will focus 750 kev singly charged 
ions, or 1.5 Mev doubly charged alpha-particles. 

The Deflector Plates 

Figures 1 and 2 are photographs of the interior of the 
analyzer, and part of its vacuum wall, respectively. The 
deflecting electrodes are mounted on a quartz post, 3.81 
cm in diameter and 14.77 cm long, located at the 
cylinder axis. The spacing between the aluminum de¬ 
flector plates clamped on this post remains constant, 
independent of any warping of the sides of the analyzer 
under evacuation or due to temperature effects. Further- 



Fto. L Interior of the analyser. The deflector plates are assembled 
on the quartz post and the slit mechanisms are in place. 



Fig. 2. Part of the vacuum wall, and the target chamber of the 
analyser. In the calibration experiments, the target chamber was 
removed and an electron gun (not shown) attached. 

more the leakage path for the rather high potentials on 
the electrodes is entirely along this support. The design 
is such that contact lines between quartz and metal 
occur only in regions screened from the electric field, 
and the maximum electric field lies in the vacuum be¬ 
tween the analyzer plates themselves. The qtiartz post 
was ground and polished by Mr. Fred Pearson, Jr,, of 
our optical shop, and the diameter was held within a 
tolerance of it0.0(X)2S cm. A longitudinal line in the 
surface of the quartz was straight to within 5X10^ 
cm, in the region in which the two electrodes were 
clamped on. 

In order to facilitate an accurate calculation of the 
fringing electric fields at the entrance and exit of the 
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Fio. 4. Stages in the analytical solution of the problem of the 
fringing electrostatic field at the channel entrance. 


deflector channel the design was made to approximate 
closely the ideal conditions of Fig. 4a. The deflector 
plates are shaped so that the radial surfaces at the 
channel apertures extend to each side for a distance of 
over six times the 0.5-cm channel width. The slit edges 
were elongated in a direction perpendicular to the slit 
height so that a grounded radial surface, parallel to 
the extension surfaces of the deflector plates, was formed 
at the focal distance. These slit planes were always at 
ground potential, and constituted a boundary condition 
for the fleld. 

The charging voltage for the inner deflecting electrode 
is brought down a brass rod inserted in an axial canal 
ground into the quartz; the rod is threaded into a trans¬ 
verse arm, and a spring contact touches the inner surface 
of the clamping collar of the electrode. 

The outer electrode is charged through a quartz post, 
similar in design to the support post, but not precisely 
machined. This post is inserted through the opposite 
vacuum wall and carries a metal cap with a spring con¬ 
tact which touches the deflector. 

C. High Voltage Iniulation 

The problem of bringing in the high voltage through 
the vacuum walls was somewhat complicated by the 
fact that single quartz posts long enough to provide the 
required leakage path in air were not available. The 
quartz posts were held in accurate metal guides inserted 
hi the walls of the analyser, with about 1 cm of the 


quartz protruding into the air through the wall This 
was capped by a tgiectal hollow Lucite bushing extending 
16 cm outws^ from the vacuum wall, and making a 
rubber gasket vacuum seal by pressure on a flange of the 
quartz. Care was taken to make the mechanically weak 
Lucite very thick at points where the compressive 
stresses necessary to seal the gasket were applied. After 
the Lucite cap was in place and a satisfactory vacuum 
had been attained in the analyzer, showing that the 
electrode seal did not leak, the cavity in the Lucite was 
filled with a heavy, transparent parafiSn oil. No elec¬ 
trical breakdowns have ever been observed in these 
electrodes. Small sylphons were attached at the tops of 
the Lucite caps, to serve as flexible couplings and insure 
that no mechanically rigid attachment could be made 
to the Lucite, which would eventually warp under shear. 
The wisdom of this precaution is shown in that after 
eighteen months of use of the analyzer in various posi¬ 
tions these replaceable sylphons are distorted, but no 
strains have been placed on the Lucite. 

D. The Slits 

Figure 3 is a schematic drawing of the entrance 
aperture. The electric field in the deflecting channel of 
course extends into the region to the left of the plane 
If the central ray*** of a divergent, monoenergetic 
bundle of ions is to traverse the deflector channel on a 
circle of radius f, it must pass through a small region 
(which we will inaccurately call the true focal “point”) 
displaced toward the center of curvature of the instru¬ 
ment a distance Sr/, as shown. There is, as discussed 
later, a much smaller displacement, Si/, of the focal 
point toward the plane $’*‘0. The above statements 
apply to a situation in which the exit aperture and slits 
are in positions which are mirror images of the entrance 
arrangements. 

In order to explore the situation, the slits were de¬ 
signed so that thm different adjustments can be made 
from outside ^e vacuum wall. 

(1) The slit width is variable from 0 to 0.5 cm. 

(2) The radial position (or y-coordinate. Fig. 3) of the 
center of the slit apertures can be shifted. 

(3) The focal position, or the perpendicular distance 
from the f^ne of ^e slit apertures to the plane of 
tf“0, can be varied. 

Quantitative settings for the above motions can be 
made by readings on scales which are visible through 
observation windows. At present, no vemierB ate incor¬ 
porated in the design and the accmacy of settings is 
probably not better than 0.02 cm. This seems to be a 
limiting factor in the accuracy at present, for, as re- 
{Mrted later, 0.1 cm variation in Sr, dianges the oalitua- 
tion factor by 1.33 percent. Slit settings were made by 
gears and slides actuated by rods whidt could be routed 

Hm oentnl lay d a bundle it that lay which, well tnilds Ae 
analyser, fdlowt a ciKle oottoentdc wlA the disimd. 
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and slid through Wilson^’ seals in the vacuum walls. The 
sUt mechanism was detailed by Mr. D. N. Di Costanzo 
of our instrument shop. 

B. Precision of Dimensions 

The design is one in which high precision of dimen¬ 
sions is relatively easy to obtain, since all requirements 
can be met by careful work on a good lathe. 

The most sensitive dimension is the width of the 
channel, 2w. If a length X is set as a tolerance in either 
of the r*8, the maximum fractional error in the calibra¬ 
tion constant is The inner walls of the channel 

were cut on a high precision lathe with the electrodes 
clamped to an accurate 3.81 cm (1.5 inch) axle, and the 
surfaces were lapped and polished so that they were of 
the design dimensions to =t0.0003 cm, giving X/w»0.12 
percent. A line in the surface of the quartz post, parallel 
to its axis, and of length sufficient to pass through both 
clamping collars, should not depart from straightness by 
as much as X, and the diameter of the post should be 
constant to within 2X. These conditions were met in the 
grinding and polishing of the post. 

in. CALCULATION OF THE EDGE EFFECT 

A. The Fringing Electric Field 

The radial shift 5f/, of Fig. 3, is calculable for certain 
simple geometrical arrangements of the conductors at 
or near the entrance and exit ports of the deflector 
channel. We have made the calculation for an arrange¬ 
ment equivalent to infinitely thick deflector plates, such 
that conducting planes constitute the surfaces 6-0 and 
6^6mt^x on both sides of the channel, with a grounded 
slit plane at y / (cf. Fig. 4a). Other conductors, such 
as the vacuum walls, are assumed to be too far away 
to affect the stray field, and it is assumed that the 
instrument is being used with —Fi. This will be 
referred to as symmetric charging, and the magnitude 
of each potential, in volts, will be i | 

The case of the infinitely thick deflecting plates, with 
the grounded slit plane at finite distance, which is 
directly applicable to our analyzer, is illustrated in 
Fig. 4. We shall at first neglect the curvature of the de¬ 
flecting channel. With symmetric charging, a zero of 
potential occurs at f, and the problem can be split into 
two halves, as in Fig, 4b, since a conducting sheet could 
be placed along the zero equipotential surface. This 
reduces the problem to the “bend of a Leyden jar*^ 
problem solved in standard texts on electrostatics.^^ 

~ » R. K. Wilson, Rev, Sci. Inst, 12, 91 (1940). 

In the notes at the end of the pa^r by Herb, Snowdon, and 
Sala, J. L. Powell has given a method by which corrections to the 
analyser constant can be comnuted from a survey of the variations 
in igMdng along the channm. We have not dxvitd out such a 
survey of our ihstrument 

^ Hersog, references 2(b) and 2(c), has given an analytical solu¬ 
tion to the problem along an extension to the median radius. 
Rogers, reference 9(b), has obtained a graphical solution for the 
stray field. 

jbstance, Jeims, EUetrkih and MagnaUm (Cambridge 
Vnhmdty Pre6i» Ltmdon, 1927), edition, p. 277. 


The field distribution is obtained by mapping Fig. 4b, 
using a Schwartz-Christoffel transformation, into the 
positive t half-plane and the real t axis, with a singu¬ 
larity at the origin, as in Fig. 4c. Consider the function 

F^ass —ln(-“/)«= —Inp—i(a— t), (14) 

and let 3^mFi represent the potential in the ^plane. 
When r, and if a«0,3mF(« w. Thus the 

potential is measured in units of w with 2ir volts across 
the plates. 

Let — (//w) and set 

at a point far inside the channel, 
at the inside corner (Fig. 4b), and 
— 1 at the outside corner. 

Then the Schwartz differential equation is 

r^dz/di^ (IS) 

At 1—0+11, with t? small and real, Z7|Z'| sign A, 
At 7?, Z'|Z'l —i sign A, If we choose a left- 
handed coordinate system in the Z plane, with the 
y axis increasing to the right, then in order to have I 
increasing along this line we must have sign A negative. 

At Z7|Z'|=sign A, and at 

Z7|Z'| = —t sign A. This produces at 270® clockwise 
rotation at the inside corner, and similarly at the outside 
corner. It can also be shown that all points between the 
plates are mapped into the positive / half-plane. 
Integration of (IS) gives 

7rZ>« t In{(1 + W/(l - m )) 

+filn{il-iM)/{i+iM)], (16) 

where 

Jlf«(l/^){(l-/?/)/(l-f/)l*, (17) 

and we may remark that, as defined, P is negative. 

Here we have used and set .the origin in 

the Z plane at the corner t= so that no constant of 
integration appears. The value of A was chosen by 
setting 

The field is then given by 

E-^Ey+iEx^-{dVt/dZ){dZ/dt) 

= (18) 

As /—>0, i.e., far inside the channel, £—♦—(*>)/» or 
JS,»»£o=* as it should. Thus, we obtain 

(19) 

As an example, the calculation of the field at 0=^0, f, 
or, in the Cartesian coordinates of Fig. 6b, at x= — w, 
y» 0, will proceed as follows. Using Z^x+iy in Eq. (16) 
gives the transcendental equation 

-T-»ln{(l+ifi8)/(l-lf/5)} 

+/Jln{(l-tJf)/(l+tJf)). (20) 

U we designate the value of M at the point («» —w, 
y»0) by Mm, then a numerical solution of Eq. (20) 
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Fro. 5. Relative r>oaitions of the electron gun and electrostatic analyzer in the calibrating experiments. 


gives 0.0567, using w^O.lS cm, /«5.29 cm, 

^=-21.2. Thus we obtain £*/£o»=0.83. On entering 
the channel the discrepancy between £, and £o de¬ 
creases roughly exponentially.^®*^’ 


Table II. A's for various charging arrangements. 


jVrrangement 


k from Kq. (36) 

A. Symmetric charge 


f, , 

2^WoC* f J 

B. Inner charge (r*“0) 


^ icsFi . 23ro\ . 

/ t ) ’ 

C. Outer charge (Fi'-O) 

kc^ 



“ The effect of curvature of the deflecting channel on the stray 
field is negligible in our analyzer. It may be calculated as follows. 
The two parallel equipotential lines of .Fig. 4c arc mapped into 
circles through the transformation 

exp {7(74-w)!, * (21) 

where f * (rir*)* and 

7-(1/2w) ln(fj/f,)-{l/lS) cm“», (22) 

After some calculation, it is found that 

The field on the median line x»—w therefore differs from the 
field with no curvature by the factor which exceeds unity 
by less than 1 part in 15,000 in our instrument. Thus £« and £. 
are indlstinguiduble. 

” A plot of the equipotential surfaces and lines pf force at the 
channel entrance is given by Rogers (9a) for the case FibO at 


B. The Focal Spot Shift ir^ 

The calculation of the position of the focus can now 
proceed with consideration of a trajectory which pasises 
through the analyzer along f. For values of 0 well inside 
the deflector channel, we may put JS"»£o; near the 
mouth we must use Eq. (19). 

The differential equation of the trajectories may be 
readily obtained in a form suited to our purpose from 
the principle of least action. We will proceed using non- 
relativistic expressions. The principle may be written 

6(2m{H-V))^ds^O, (25) 

where the integrand is the momentum and dr is an 
element of path along the trajectory. 

Let r be the kinetic energy of an ion at (r, 0) in the 
analyzer chaimel. Then, in polar coordinates, Eq. (25) 
becomes (disregarding the factor (2f»)*) 

S J 7’Mr«+(dr/dfl)>}*dff-0. (26) 

Using well-known steps, wc obtain 

{d/de)(d/d /) {rKr«+/*)M « (a/ dr) {TKf^+r ^)^], (27) 

infinite distance from the entrance. Our calculations are made 
for F*«0 at —f, where, without the grounded slit plane, jSj/£o 
would have been 0.2. Herzog (2c) has discussed the problem, in¬ 
cluding the grounded slit plane, and given expressions leading to 
the location of an ^'equivalent" entrance plane, the effect of the 
fringing field being considered as equivalent to the extai^n of 
the actual chaimel. 

One d us (S. F.) has solved the analogous probUstn of th;^ infi¬ 
nitely thin deflector plates with VmQ at infiwy. 
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in which r'’^dr/dS. If we treat dT/dO as small, this 
becomes 

d r' (r*+f'»)»dr r 

-=-+-. (28) 

de 2T dr (r*+r'')< 

Now let fo be the radius of the concentric circle de¬ 
scribed (well inside the channel) by the central ray of 
a bundle of ionic rays. Consider a divergent ion of this 
bundle, at radius r=ro(l+«), where c is small. If we use 
this condition, plus the fact that 

ar/dr=-£z, (29) 

we may write, from Eq. (28) 

= 1 - (£ro2 )/2 T. (30) 



rm 
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OCFLECTOR VOCTAOC CONNtCTlONS 

Fio. 6. Electrical connections to the deflector plates in the 
calibrating experiments. Since there was a current drain on the 
batteries, the potentials were checked frequently during a run, 
using a potentiometer and standard cell. 


Since qtn^lu^lTlHy it follows that 

l-£/£o« l//3Af. (31) 

Here, Hence 



1 im- \)/m\{dB/dM)dM, 


(32) 


where we have put df/d6=0 at t~0 where 
equivalent to d=ir/4. The integral (32) can be calcu¬ 
lated exactly. The approximation « small is not valid 
outside the entrance aperture, however, and it is best 
to transform to a rectangular set of coordinates, obtain¬ 
ing x(y) in this region, using c and dt/dB for initial values 
at the entrance. The value of«is obtained from 


( 



(dt/d$)(de/dM)dM. 


(33) 


The goal of the present calculations is to find the 
displacement of the object focus due to the stray electric 
field. If the stray field is neglected the object focus is 
located at »«■—», y*>—/. To find the true position, 
outside the entrance aperture we write a well-known 
solution of the integral of least time, namely 

- (l/2^*)a(7^‘)/an. (34) 

The left-hand member of (34) is a close approximation 
to the curvature of the trajectory, and the derivative 
in the right-hand member b with respect to the normal. 
This leads to 

il/T){dT/dn) - - l/r^p, (35) 

Furthermore, by differentiation of Eq. (16) we obtain 
with Z^x+iy, 

dy/dMm (2«j8/ir){(l/l-j9*Jlf»)-(l/l+Jlf’)}. (36) 

To calculate the deviation of the oliject “pomC” 
(actually, a line parallel to the cylinder axis) consider 
a bundle of ionic rays having and consider the 
central .ray of this group ot trajectories. For this ray, 


at points well inside the channel, e=0, but e becomes 
finite near and outside the ports. At the plane of 
the entrance aperture we have, for the central ray, 
Xm== —w+ftm, and 

xj -idt/dd)m. 


Direct integration of Eq. (32) gives 3:^'=—0.000936, 
and numerical integration of (33) gives «m=0.99X10“*. 
Then, outside the channel,”* 


and 


r" 

k’(M)=xJ+ J i-1/fm){dy/dM)dM, 

/ Mm 

x'{M){dy/dM)dM. 


(37) 

(38) 



Fio. 7. 




rofile of the counting rate for electrons vs. accelerat- 
in the electron gun. The conditions were as in 


Table VI, 


These values of Xm* and are so small that replacing either 
or both of them by aero would not aflect our result within the 
limits of accuracy of our calibration measurements. The fact that 
they are negligible gives pragmatic justification for not carrying 
out a more careful calculation of these quantities, in which the 
tuigential, as well as the radial, component of the electrostatic 
field Is induded. 
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Table III. k as/(fF 9 ) and charging symmetry. from whi ch 


k calculated for 9.4 

Arrangement kev electron* k observed 


i. Experiments with | ^| ”* | 
9.(»2<>Fo<9.704 kev 

Ft-Fi|«610.0 volte; 


A. S)rmmetric charge 
Vi-305.0; 

V,--305.0 volts 

15.448 

15.46t 

B. Inner charge 
^1-610,0; 

Ki»0 volts 

14.948 

14.95o 

C. Outer charge 

Fi«0; 

610.0 volte 

15.948 

15.956 

2. Experiment with 1^1 500.0 volte; PFo** 7.680 kev 


A. Symmetric charge 

15.423 

15.406 


Ki-250.0; 

-250.0 volts 


S. 


Experiments with | •«410.0 volts; 6.080<IFo<6*470 kev 

A r*__ A/\4 4 e 


A. Symmetric charge 

15.401 

15.36, 

Fi-205.0; 

F,--205.0 volte 



B. Inner charge 

Fi-410.0; 

F*“0 volte 

14.901 

14.87, 

C. Outer charge 

15.901 

lS.85o 


V,~0; 

—410.0 volts 


After integration and numerical substitution it results 
that 3r/^ —0.156 cm.“ 

Ca The Constant of the Analyzer 

We define the constant k of the analyzer through the 
relation 


/ kz(V2-Vi)\ IV^+Vx 2k 

-1^1- 

\ 2?moc» / 2 Vt- 


Vx 


. (42) 


The calculations leading to Sr/ enable us to predict 
the value of 6fo for symmetric charging, if the position 
of the entrance slit is known. Let dr, be the radial dis¬ 
placement of the entrance slit from the point 

the slit being located at x^—w+Br^f /. 
Then 5ro« 5r,—5r/ or 

dro««r,+0.156. (43) 

Experimentally, it is easy to obtain values of k for 
arrangements other than symmetric charging, but theo¬ 
retical calculations have not been carried out. Dr. John 
L. Powell indicated to us how fringing fields from asym¬ 
metrical charge distributions can be calculated. In addi¬ 
tion to the problem whose solution we have indicated 
here, where one must solve the 

problem for P|— 7*= a. This latter case does not repre¬ 
sent a workable analyzer, of course, but when additively 
combined with the problem we have solved will give 
the solution for Fj—In par¬ 
ticular, if one obtains the solutions for charge 

distributions we have experimentally tried. Without 
completing these calculations, we have made the plaus¬ 
ible assumption that 6ro is a funciion of geometry only, 
and will be invariant under different charging arrange¬ 
ments, Within the accuracy of our measurements, this 
assumption is borne out by experiment. Table II shows 
the various chaipng arrangements we have tried, with 
the predicted expression for k. 

D, Esqperimantal Calibration 


k^WoMVt-Vi), (39) 

which may be directly determined by experiment. By 
differentiation of Eq. (6) we obtain 

dWo/dfo^ 2 zk(Vs- Vx)/ro. (40) 

Now consider and Wq^Wo+BWo, so that 

(cf. Table I) 


r «(Fs-F0 


KZjVx-Vl) 
2qmt/? 


^UV2+Vi) 


+2e(F,-F0- 




. (41) 


•The existence of the fringing field has a smaU effect on the 
aelmuth of the focal point, also. The displacement is toward the 
ei^ance aperture of the instrumaat, and amounts in our case to 
0j0^3 m. Such a displacement cotdd produce no ineasureabie 
effects withm dtt accuracy of our calibraffon. 


Experimenidl Arrangements and Procedure 

Electrons were passed through the analyzer channel 
at various kmetic energies in the range 6-10 kilo- 
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Tasu IV. Calculated non-relativiitic k values at 2r.>«0 compared 
vdth relativistically corrected observations on electrons. 


Amagetnent 

Calculated N.H. k 

Observed k, 
corrected 

A. Symmetric charge 

15.310 

15.297 

B. Inner charge 

14.810 

14.79t 

C. Outer charge 

15.810 

15.78, 


volts, requiring deflector plate voltages in the region 
from 200-600 volts. The orientation of the analyzer 
was such that the cylinder axis was horizontal, and the 
plane of the electronic orbits vertical. Since the elec¬ 
trons moved in orbits of IS cm radius, a magnetic field 
with a horizontal component of 20 gauss could produce 
a comparable curvature. Some iron in the vicinity of 
the analyzer could not be avoided. With a sensitive 
compass, the direction of the cylinder axis of the 
analyzer was rotated in the horizontal plane, until, with 
the adjacent iron braces, etc., in place, the horizontal 
component of the magnetic field lay in the plane of the 
orbits. An earth inductor showed the following: 

Horizontal component 0.063 gauss 

Vertical component 0.11 gauss 

Angle of dip (from the horizontal) 63° 

The earth’s field clearly was partially screened by iron 
in the laboratory. 

Since the initial direction of the electrons was hori¬ 
zontal and the final vertical, the magnetic field could 
only produce small deviations parallel to the cylinder 
axis, which introduce negligible changes in the calibra¬ 
tion constant. 

The electron gun is shown somewhat schematically 
in Fig. 5. A brass housing, cylindrical in shape, with an 
inside diameter of 9.842 cm, had a tungsten wire under 
spring tension along its axis. The wire was 0.0178 cm in 
diameter. The wire was parallel to the cylindrical axis 
of the analyzer. The entire gun was mounted so that 
it could be rotated about an axis 16.51 cm from the wire 
and parallel to it, and by means of set screws in the 
attachment of the gun to the analyzer housing, this 
axis could be made coUinear with the focal line —vi, 
yo—l. A cathetometer was used in this and the follow¬ 
ing adjustments. The gun was rotated about the focal 
line until the tungsten wire was in the plane determined 
by the lines {*»—», y*—1} and {*•»—w, y“0|. 
Finally the entrance slit was set by looking through the 
window in the analyzer wall at the scale, and then, by 
sighting through the cathetometer, it was verified that 
the center of the slit aperture lay at the “ uncorrected 
object point” of Fig. 3. These adjustments were correct 
to within 0.02 cm, which was about the precision to 
which the slits could be reset. 

Figure 6 shows the circuits for determining the de¬ 
flector voltages, which cotfld be read to about 1 part in 
1000. The accelerating voltage for the electrons was 
suiqfdied by a 340 cyde high voltage 1^-wave rectifier. 


Tabie V. Tangential slit displacements. 


Symmetric chargingi V'l-'SOS.O; Vi- —lOS.O volu 
Slits I mm wide 

Object and Image eUte at mirror Image poeltioni 


Object slit position Observed k 

y X for electrons 


—i.e., —5.2^ cm i.c., —0.25 cm 15.45t 

-5.50 cm -0.25 15.444 

-4.75 cm -0,25 15.467 


The source of the 540 cycle current was a 5 hp syn¬ 
chronous motor ax. generator combination, with the 
d.c. field current of the 540 cycle generator supplied 
from a storage battery used for no other purpose. The 
only drain on this set was the 200 microamperes, used 
for voltage measurement, through a 50 megohm wire- 
wound resistor of 0.1 percent precision. At this low 
drain a 0.050 microfarad filtering condenser sufficiently 
suppressed the 540 cycle ripple, and accelerating volt¬ 
ages could be held to 0.1 percent.*® 

The electron detector was an Allen** electron multi¬ 
plier tube, and thus extremely low emission currents 
from the tungsten wire could be used. In making a 
determination the deflector potentials Vi and ¥%, sup¬ 
plied by B batteries, were set to some desired value, 
see Fig. 6. The accelerating voltage on the electrons was 
then changed in steps through the region in which it 
was expected that the condition of Eq, (41) would be 
met. Figure 7 shows some of the profiles used in the 
determination of k, which, experimentally, is simply 
the ratio 

Wo/{-(V2-Vi)\, 

Experiments on k as a Function of Initial Kinetic 
Energy and Charging Arrangement 

Table III shows a series of experiments conducted 
with the entrance and exit slits each 0.1 cm wide, and 
at the uncorrected object and image points, where 5ro 
of Eq, (43) is +0.156 cm. 

The value of k for 9.4 kev electrons is relativistically 
higher than that for heavy positive ions by 0.138, and 
is 0.113 and 0.091 higher at 7.7 and 6.2 kev respectively. 
Subtracting these relativistic corrections from their 
appropriate observed values, and averaging the results 
gives the non-relativistic values in Table IV. 

Experiments on the Variation of kA with Radial 
Slit Displacements 5r, 

It is seen from the equations of the instrument that 
if a divergent source is located at x«'-(w+6r/), 
/+6//, the non-relativistic value of kA is k. Dis¬ 
regarding the negbgible shift 6//,*® the variation in k 

^ The drop of potential alon^ our tungsten filament due to the 
heating current was in such a direction that this correction was in 
the opposite sense to the correction for the tungsten work function. 
The difference, about 1.5 volts, was negligible. Cf. I. W. DuMond, 
Phys. Rev. 51, 400 (1937). 

» J. S. Allen, Rev. Sd, inst* 18, 739 (1947). 




744 ALLISON, FRANKEL, HALL, MONTAGUE, M0RR1SM,»AND WARSHAW 


Table VI. Final measurements on the calibration constant. 
Si^mmetric charging: Fi*e 305.0; Ft*—305.0 Slits 1 mm 
wide, located at uncorrected object and image focal points. 


50 megohm resUtor 

Run u*ed kx for electrons 


1 X 

15.434 

2 Y 

15.47a 

3 X 

15.464 

4 y 

15.4S» 

5 X 

15.464 

Average kx for 9.4 kev electrons 

15.45* 

Relativistic correction 

-0.13g 

Non-relativistic kx for protons and 

15.32o=fc0.02 

heavy ions 


Calculated N.R. kx from Eq. (42) 

15,31o 


as the entrance slit is moved in the Xj or radial direction, 
is obtained from Eq. (42), 

bk/ K = 25fo/ f = 5fo/7.50. (44) 

' Entrance and exit slits were always moved together, 
either in or out, in steps of 0.05 cm. The experiments 
were carried out with symmetric charging. The graph 
of Fig. 8 shows the calculated variation and the ob¬ 
served points. The vertical line at each point indicates 
an error of =b0.15 percent, which corresponds to an 
error of about 0.02 cm in the setting of the slit centers 
to any desired 5r,. The slit width was 0.1 cm; | v?| was 
610.0 volts. The agreement is good, the observed slope 
being indistinguishable from the predicted in the region 
—0.05 < fir, <0.05 cm. 

Variation of k with Tangential Slit Displacements bit 

The theory of the instrument predicts that, relative 
to the effect of radial displacement, the value of k should 
be insensitive to displacement of the object slit toward 
and away from the entrance aperture to the deflecting 
channel. Table V shows the result of some experiments 
made to test this point. 

Final Determinations of the Analyzer Constant 

As the calibration measurements proceeded, the 
technique of making them improved, and more factors 
were brought under control. Before disassembly of the 
calibrating equipment, a final set of runs was carried 
out. Two precision 50 megohm wire-wound resistances, 
X and F, were available and used alternately to detect 


any temperature effects whidi might arise. The meter” 
us^ for reading the current through the 50 megohm 
resistors was calibrated with a potentiometer immedi¬ 
ately before and after the run, etc. The results are 
given in Table VI. 

E. Conclusions 

With the present instrument it should be possible to 
measur^energies of moving charged ions in the range 
TFo/|sl< 1 Mev with an accuracy of 0.3 percent. The 
limit is set by the accuracy with which the slits can be 
set to a given radial position. If, in the future, such 
instruments are designed with movable slits, the accu¬ 
racy of setting should be improved. 

The observed profiles of Fig. 7 have a half-width at 
half-maximum less than that predicted by an elemen¬ 
tary calculation. Roughly we would expect that the 
ratio bWo/Wo at half-maximum would be the slit width, 
0.1 cm, divided'by the f of 15 cm, or 1/150. Actually 
this is observed to be nearer 1/300, and the profile de¬ 
parts considerably from a triangular profile. We have 
not attempted a precise calculation of this effect. 

Operation of the instrument with the object slit 
located at y^—5.29 cm, X-—0.25 cm, instead of 
5.29 cm, :r“="-0.41 cm decreases the aperture of 
the instrument somewhat, and some ions from a di¬ 
vergent source may be lost by hitting the outer plate. 
This effect can be detected as a variation of the intensity 
of the image with 3r„ and can be corrected for by mov¬ 
ing the slits towards the center of curvature. 

Herzog* has mathematically investigated certain ar¬ 
rangements of grounded conductors which, if placed 
just outside the entrance and exit apertures, nullify the 
shift of the object and image foci due to the stray field. 
The present work indicates that such auxiliary elec¬ 
trodes are not necessary for the use of the instrument 
in precise energy measurements. Nevertheless, the 
possibility of introducing such auxiliary electrodes 
should not be disregarded, as the design is somewhat 
simplified if the actual focal points are at the ‘‘uncor¬ 
rected*’ positions of Fig. 3. On the other hand, when the 
analyzer is being constructed for the deflection of high 
energy ions from nuclear reactions, it may occur that 
the maximum field strength exists between these Herzog 
shields and the analyzer plates and thus that the pres¬ 
ence of the shields determines the maximum deflecting 
voltage which can be used. 

“ Weston Model 622 d.c. milliammeter. 
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The Effect of Space Charge on the Focusing 
Properties of a 180° Mass Spectrometer 

Charles F. Robinson 

ConiK^idated Bngin 0 eriHg Corporation, Pasadena, California 
June 21 , 1949 


A ssume an ion beam in the shape of a narrow ribbon so that 
the dimension parcdlel to the magnetic held (here called h) 
is large compared to the maximum thickness of the beam. Assume 
a beam having half-angle of divergence a and whose intensity in 
charge per unit volume is uniform in the neighborhood of any 
transverse section. Consider a particle having charge 9 , mass m, 
velocity v, located in a laminum whose angular position measured 
from the center of the beam is and let the magnetic held strength 
be B. Using electromagnetic units we hnd the force on the particle 
to be given by 


fni^/r>«=vgB^2{wIq(^/vh)(^/a), (1) 


t! being the velocity in cm/sec. and the ±i sign referring to particles 
which are respectively closer to and farther away from the mean 
center of curvature than the central plane of the beam. I is the 
total current in the beam. 

Solving (1) for r, expressing v in terms of charge and accelerating 
voltage V, we have 


fst 


l/ 2wV Yr 

B\ q / qVk 



( 2 ) 


The second term in the bracket represents, in situations of interest 
here, a small perturbation on the radius and the bracket may be 
expanded in a binomial expansion retaining only the hrst two 
terms: 



The approximate construction of the perturbed trajectories is a 
simple matter, the unperturbed trajectories having various values 
of ^ being centered on the arc oa' of Fig. 1, while the perturbed 
trajectories have their centers in the arc bb* which has the same 
radius 


ro«l/B( 2 mV/ 9 )*, (4) 

as the unperturbed trajectory and its center on the line shown, 
where y is given by 

y«^(irIntd^/BgVha), (5) 


It is at once clear from examination of Fig. 1 that in situations 
in which the ions resolve themselves into a single beam, the first* 
order effect of space charge is not a widening of the b^m at the 
focus, but a shift of the position at which this focus occurs; / is 
the (180*) point at which the beam forms a focal i^ot of width w 
in the absence of space charge, while w* are the corresponding 
parameters for a beam having appreciable space charge. 

It is also evident from a study of the figure, that to the extent 
to which the arc bb* may be approximated by a straight line, 
7 '** 7 aud the focal line would have the same width in the presence 
of space charge as if space charge were absent. This is the same 
approximation which has to be justified to keep spherical aberra¬ 
tion within reasonable limits in a conventional instrument and is 
certainly justified here, so that we may assume 7'**7 in 

the present case. This is to be compared with the conclusion of 
Smith, Parkens, and Forresteri who have apparently overlooked 
the shift in focal position. 

To get an idea of the numerical magnitudes involved, we may 
assume the following: 

7 (shown) "'ll® so'•• 0.2 radian 
a «2® 47'*0.05 radian 
B *3500 gauss 

V*1920 volts *1.92 XtO“ e.m.u. 
m *50 a.w.u. *8.3 X10”« g 
(f *1 proton c)»arge* 1 . 6 X 10 “** e.m.u. 

(These parameters correspond to an instrument of five-inch radius.) 
Under these conditions we find, from (5): 

/«‘4.58 microamperes per cm of beam length. 

Using B*s 15,000 gauss, F* 50,000 volts, f»«40 

(assumed by Smith ei al. and corre^nding to an instrument of 
about five-inch radius), and setting 6 . 8 ®, we find 1.6 ma/cm, 
which is the same as the result of Smith et al.; however, by dis¬ 
placing the resolving slit to the perturbed focal position, we get a 
beam which is broadened only by spherical aberration and which 
will pass through a slit less than 1 mass unit in width; in other 
words, we get a clean separation of adjacent masses in the mass 
40 region. 

There can be little doubt that this rough analysis will break 
down to some extent in a practical situation, partly because the 
assumption that h is large compared to the maximum thickness 
of the beam will not hold true in a heterogeneous beam and partly 
because-the divergence of the various masses near the focal posi¬ 
tion complicates the analysis considerably beyond what has been 
given here. However, there would seem to be equally little doubt 
that proper allowance for the shift in focal position which results 
from high space charge will result, in many cases, in a very real 
improvement in resolution. 

1 Smith. Parkens. and Forrester. Phys. Rev. 72. 989 (1947). 



A Vacuum Lock for Continuously 
Evacuated Systems 

D. Saxon and J. Richards 
Argonne National Laboratory, Chicago, Illinois 
June 30, 1949 

I T is desirable on some types of vacuum equipment to provide 
a mechanical means of inserting items such as counters, 
sources, probes and the like into the instrument without breaking 
the vacuum. Two such devices are now in use on a 180® /J-spec- 
trometer. One unit facilitates easy replacement of the very thin 
Nylon windows^ used on the end window G-M counter while the 
odier is a source quick change. Since space was limited by the 
pole faces of the spectrometer magnet, the authors were unable to 
make use eff the modified No. 440 Crane split gate valve^ often 
used on such devices, and had to use in their place specially built 
brass stc^ codts through whic^ the source and counter pass. 
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Fig. 1. 
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Fig. 1 . Counter quick change unit. 


Figure 1 shows in cross section the counter quick change unit. 
The two^ sylphon valves make possible the simultaneous evacua¬ 
tion of l^th sides of the counter window by the filling system 
pump before opening the slop cock. After closing the left-hand 
valve the counter is filled. When in operating position both the 
counter and the source holder are held in place by hinged studs 
and wing nuts not shown in the diagrams. The source quick change 
unit, in Fig. 2, is similar in principle and operation with the excep¬ 
tion of the provision made for evacuating the inside of the stop¬ 
cock when in the closed position. The air which leaks into the 
counter stop cock when closed is sufficient to break the thin Nylon 
window when the stop cock is opened. Hence some means for 
evacuating this volume must be provided. This problem was 
solved by drilling a small hole from the stop cock well to the 
spectrometer chamber. 

On the soiircc quick change, the leakage problem was solved by 
using the counter filling system pump to evacuate the vacuum 
lock and the stop cock. The stop cock surfaces were machined to 



Fic. 2. Soitrce quick chants unit. 


:d;:0.0005'' tolemnces md then lapped to fit In addition to the 
Ring seals, diameter rubber rod was used for some of the 
gaskets and gave completely trouble free performance. 

1 Brown. Frlber, Richards, and Saxon, Rev, Sci. Inst. 19, 81$ (194$). 

* P. N. D. Kurie, Rev. Scl. Inst. 19, 485-493 (1948). 


An Electronic Instrument for Rapidly Tracing 
the Plateaux of G-M Counters 

G. H. Va» 

Tata IntiitHU of FHt$4atrumial Rastoroh, Bombay, India 
August 3. 1949 

T he present day need of large numbers of good counters in 
cosmic-ray and nuclear research demands a quick method of 
counter checking. The usual method of tracing the Voltage versus 
Counting Rate curve of a counter takes several minutes. The 
following electronic circuit is capable of tracing this curve on an 
oscilloscope in a few seconds. 

The circuit essentially consists of a sweep circuit which varies 
the voltage on a G-M counter linearly and appears as a horizontal 
sweep for the scope. The integrated counting rate appears as the 
vertical sweep, thus enabling the spot to trace the required curve. 
The block diagram of the circuit is given in Fig. 1. The circuit 
details are briefly given below: 



Fig. 1 . 


The linearly varying voltage required for the G-M counter is 
taken through a high voltage amplifier. A transmitter tube type 
813 is used for this purpose. The plate of this tube is supplied with 
a high voltage obtained by rectifying 2500 volu a.c. through a 
high resistance. A linearly varying negative sweep when applied 
as an input to this tube, produces a iineariy increasing high voltage 
on the plate. These variations are made to appear across a con¬ 
denser through a diode. The voltage across this condenser is the 
required G-M counter high voltage. It is necessary to connect a 
resistance across this condenser to let the charge away when 
the sweep Hies back to the initial value. 

Since the horizontal sweep on the scope should be in phase with 
the varying voltage across the G-M counter, it is necessary to 
feed the same negative sweep voltage, as applied to the ^gh- 
voltage amplifier, to a power pentode, and the variations de¬ 
veloped at the plate of this pent^e are ^en through a diode and 
applied to an X plate of the osdlioscope. The diodes in the above 
circuits act as buffers. 

The linear negative sweep, required for the X sweep and the 
G-M counter (h.t.) supply, is obtained by charging a condenser 
to about 200 volts through a constant current dev^, such as a 
sharp cut-off pentode, and then discharging It through a thyratron. 
The required negative portion of this saw-tooth voltage taken 
through a diode supplies the necessary sweep voltage. The p^iod 
of the sweep can be varied from 0.2 to 5 seconds. 

The iffiaip positive pulses from the G-M counter dfie to a radio- 
icrive source an M m a biased pentode and then passed 00 |o a 
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Fig. 2. 




f" 



Fig. 3. 

conducting pentode. The pulses from this pentode, broadened by 
a multivibrator circuit, charge a condenser through a diode. The 
voltage proportional to the counting rate built up across this 
condenser is used as the V sweep. The integrating time of the 
circuit is 0.4 seconds. 

Figures 2 and 3 are oscillograms of these curves. The name 
“PLATOSCOPE” has been suggested for the instrument and 
“PLATOGRAM” for the curves. Ihese platograms are traced in a 
single sweep of five seconds. 

Figure 2 is a platogram of a counter with a weak thorium source, 
the counting rate being 250 counts per second. The X sweep in 
this case varies from 900 to 1600 volts. The integrating time of the 
circuit being 0.4 seconds, the mean number of counts in this time 
interval is 100 and the expected fluctuation is of the order of 10 
percent, in agreement with what is observed in Fig. 2. Figure 4 



900 ifoo 1300 isoo mo 

COUNTSK VotTAOI. 


Fxc. 4. 


tdiows the plateau curve of the same counter but drawn from the 
readings taken in the usual way. 

Figure 3 is the platogram of another counter taken with a 
radium source, the counting rate in this case being more than one 
thousand per secemd, and the X swe^ varying from 900 to 1400 
volts. This platogram taken with a strong source is smoother than 
the one in Fig. 2 taken with a weak source due to the relatively 
stoaller sutiatical fluctuation. 

A more detailed account of this instrument with circuit dia¬ 
grams will be pubUahed elsewhere. 

I wish to express my grateful thanks to Dr. Bhabha for*lus 
continued interest in this work. I would also like to express my 
thiiiks to Mr. K. B. McCabe who originally suggested this 
inethod and to Mr. A. B. Sahiar for helpful discusiioas throughout 
woefc. 


Empirical Balancing Procedure for FP*54* 

F. C. Armtstead 

Massachuittts JnstiluU of TtchnoUay, Cambridge* biassachuuUs 
June 16. 1049 

T he FP-54 electrometer tube can be made both easy to 
balance and stable to operate, giving the high current 
amplification claimed by the manufacturer with no exceptional 
experimental difficulty. Stable operation is assured by the pre¬ 
cautions prescribed in the G. E. descriptive sheets ETI-160. 

The circuit, see Fig. 1, is essentially the Penick circuit,* which 
accomplishes automatic compensation for battery drift. The 
sensitivity with 10** ohms on the grid was 1-cm d^ection (at a 
meter) for 10~“ amp input. Characteristic curves such as that on 
the extreme right in Fig. 2 have the same wide maximum as 
Penick dealt with, and give the most stable operation. This pro¬ 
cedure leads to the same balance on the characteristic curve as 
Penick's. The value of the procedure lies chiefly in the simplicity 
of the sequence of steps, such that it can be easily performed even 
by a person with no understanding of the circuit. Furthermore, 
whereas the Penick article dealt with the no longer available 
D-96475 tube, this procedure deals with an available tube. Sta¬ 
bility with battery drift is excellent, being equally as good as that 
previously obtained by the author using the D-96475 and the 
Penick procedure. 

Balancing Proadure: Provide leads convenient to the outside 
for testing as follows: 

Points 1. 2. 3. 4. 5, 7. and 8. also the circuits at i and 3 should be easily 
opened for insertion of meter to measure and ip. 

Make all voltage measurements, E, with respect to point 4 uring 
vacuum tube voltmeter. 



•nwAM 

MTTKtIV 

Fig. !. 



Fig. 2. 


Ri: 200.ohm potentiometer; later replaced with ftxed resistors. 

Rti 200-ohm potentiometer; later replaced with fixed resistors. 
iSi: 10-K potentiometer; later replaced with fixed resistors. 

R*i 10 K. 

Rm: 20 K. 

50-K potentiometer. 

Ru 1-K potentiometer. 

Iti: 44.4 ohms. 

R/: 50 ohm potentiometer; later replaced with 5-ohm potentiom¬ 
eter and appropriate fixed remtor. 

A: 0-lOO-ma meter. 

5i and St: SPST toxsla switches. 

5t: B-position, shorting, selector switch, for shunt selection. 

54 ; Key. normally cloied. 

5»: n-positlon selector switch, for sensitivity selection. (Labora¬ 
tory-made for high insulation). 

C: Leeds and Northrup galvanometer. 2500/, micro-amp,/ 
mm, C. D. R. X. 22 K. 

Ayrton Shunt: 

Rs: 250 ohma. 

Xw: 1 K. 

Xu: 21 c. 

Xii; 4K. 

Xu: 10 K. 

Xut 20 fC. 

Sensitivity Selector: 

Xu, Xti» XiTi He.: to** ohms ahd lem Victoreen Hi-Meg Resktors. 
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Start with galvanometer disconnected, also with Ri, Rj, Ri, 
and R« mid-range. / 

Always close Si before 5*, to avoid drift. 

1. Ground FP-54 grid and turn Ayrton Shunt to open circuit 
position, i.e., the second position. 

2. Adjust R/ until E* is —4.0 v. 

3. Adjust Ri until Ei is 4.0 v (normally igi is 200 to 300 micro- 
amp.). 

4. Adjust Ri until E* is 6.0 v (normally ip is 60 microamp.). 

5. Successively re-perform steps 3 and 4 until both conditions 
arc satisfied. Ri and R« may be used in making final adjustment. 

6. Measure Ei, If Ej—Ea is greater than i volt, r^ucc the 
filament current from the value set in step 2 so that E» is, say, 
—3.9 v, and repeat steps 3 through 6. If Ea—E* is greater than i 
volt, increase filament current and repeat steps 3 through 6. When* 
the difference is less than i volt, proceed to step 7. 

7. Connect a microamraeter between points 2 and 3. Plot ia 
microamperes vs, R/ settings, as filament current is varied both 
above and below the value chosen in step 2 or 6. A curve such as 
one of those in Fig. 2 should be obtained. To change curve shape 
to one on the right in this sequence, increase E% slightly, using 
slider on R*; then bring E* and Ej into equality again, using R?; 
then re-perform step 7. Using Re move the whole curve vertically 
to make the flat portion correspond to zero microamperes. 

Note: Record Ee, Et, Ee, Ea, and Ei. These five numbers com¬ 
pletely specify the curve which is observed. To re-establish a 
desired curve, set 


E» by adjusting R/, 
El by adjusting Ri, 
El by adjusting Ri, 
Ei by adjusting Re, 
and El by adjusting Rt. 


The last two will need to be successively re-performed until right. 

When a good curve is obtained there is little advantage in s^- 
ing another one. Proceed immediately to step 11. However, if 
another curve is to be sought, in hope of a better, proceed to 
step 8. 

8. Hold Et fixed and choose another value for Eg, using slider 
on Rj. Measure Ej and E*. Make them equal by adjusting R« 
alone, if possible, or start again at step 6, if not possible, 

9. Same as step 7. 

10. If still further balances are to be sought after exhausting 
the possibilities with fixed Et and various Eg’s, it is better to start 
from the beginning again, but with Rg and Rg not at mid-range. 

11. Re-set to those values of E*, E;, Eg, Eg, and Ei which give 
the best curve for to w. R/. Make final adjustments as in step 7 
except use galvanometer instead of microammeter, and adjust 
with R/ and R? only. Replace Ri, Ri, and Rg with fixed resistors of 
the proper value, in order to keep the number of unsoldered con¬ 
nections in the circuit to a minimum. Also replace R/ with a 
6-ohin potentiometer in series with a proper fixed resistor; this 
will facilitate later shifts in the filament current to follow any 
small drift of the balance point. 


*ThU work wsw performed imder Contract No. W-7405-eng-17S with 
the U. S. AEC in connection with the M. I. T. MeUUurgical Project. 

> D. B. Penick, Rev, ScJ. Inst. 6, tl5 (IWJ). * 


An Electrometer Amplifier 

V, J. Caldecoukt 

Tht Dow Chemical Company, Midland, Michigan 
June 30, 1949 

^T'HE advantages of the minaturc tube 12BE6 as an electrom- 
^ eter tube were pointed out by H. S. Anker.* Tubes of this 
type have a grid current of 10“** to l(r** amperes and a voltage 
gain between 200 and 300. They arc compact and relatively non- 
microphonic. 



The grids 1,2, and 4 in this pentagrid tube can be used to secure 
additional circuit stability over tiuit inherent in the amplifier 
designed by H. S. Anker. The circuit shown in Fig. 1 has three 
features which improve circuit stability: 

(1) The electron flow from the cathode of the 12BE6 tends to 
be maintained at a (;onstant value because of degeneration in the 
large cathode resistor. The sensitivity of the circuit to filament 
current changes is reduced by a factor of seven without appreciable 
loss in amplifier gain. 

(2) By proper choice of the setting of potentiometer R and then 
resetting the output to zero with the baseline control circuit a 
condition can be reached where the amplifier baseline is not 
affected by small changes in B supply voltage. This balance need 
not be made very accurately if a high stability power supply and 
a floating battery is used. 

(3) A battery of dry cells (three Burgess 2F2H) is floated on 
the power supply to stabilize the filament temperature of the 
12BE6 and to stabilize the potential of grids 2 and 4. The floating 
battery has been found worthwhile even when the regulated power 
supply prevents a 10 percent line voltage change from disturbing 
the amplifier baseline. Dry cells floated on a power supply pro¬ 
vide high stability with little upkeep since the battery drain is 
nearly zero. 

The d.c. amplifier in operation here shows a grid current of 
10”** amperes and a noise level of less than 0.1 mv as recorded 
by a Spe^omax A. In obtaining a low noise level, care must be 
taken to avoid multiple grounds and low frequency vibration of 
the input grid lead. The power supply used is similar to the one 
described by H. S. Anker.* The gain of the d.c. amplifier without 
feedback is about 1000. A baseline drift of 1 to 2 mv per day is 
average. The unit is operated 24 hours per day and is used in 
conjunction with a mass spectrometer. 

*■ H. S. Anker, ‘'Stabilized d.c. amplifier with high teniUivity." Klee- 
tronics (June, 1947), p. 138. 


Improved Magnetic Focosing of Charged 
Particlea 

H. HlNTENBBRGBa 

Kaiser Wilhelm-2nsUiut fUr Ckemie, TailAngen, Germany 
July 18, 1949 

I N this journal L. Kerwin* has recently published a theory of 
magnetic focusing of charged particles in which a formula for 
the shs^ of a uniform magnetic field is deduced* giving perfect 
focusing of an ion beam of wide divergence. Several special cases 
are dis^ssed of second-order focusing in a uniform magnetic field 
whose edges are in the shi^ie of straight lines or circles. About a 
year earlier nearly the same considerations were presented by ihe 
author in a letter to the Zeitschrift ftir NatuHorsChung.^* To 
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Fig. 1. General case of »econd>order focUBlng of an ion beam In a 
homogeneous magnetic field with curved held boundaries. 


designers of second-order focusing instruments it should be of 
interest^ that all cases of second-order focusing hitherto pub- 
lishedt^*** are special cases of the following general second-order 
focusing condition 


where the constants y and c are given by 

1 



(!') 

(I'O 


and where h, t and ci. t must fulfill the first-order focusing condition 
cosci L coses r cosei coset J 


first given by R. Herzog.® 

For the notations used see Fig. 1. The radius of curvature of 
the piece boundary on the one side, for example, is then deter¬ 
mined by (1). Especially, one boundary can be chosen as a straight 
line,/.*. then r/Rs**(ci-l-cs/ 73 ). If both boundaries are 

straight lines, second-order focusing can only be attained for 
certain values of / or « which are given by ct-f ct”0, A special 
solution of this equation is: 

( 3 ) 



Fto. 3. Vuioui possiUUtlet of oteoBd^ordor loctiiiBg with * 


Fia 3. Various posslbUittos of oeoood-order focusing with 
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Fio. 4. Second<^rder focusing with straight lines as field boundaries. 


In the symmetrical case (/i*/*, si*'**, hence and 

(1) becomes 


If moreover €i»€i«0 (entrance and exit of the beam normal to 
held boundaries) we can write the second^order focusing condi> 
tion thus: 



4 > 

2 <|-. 


(5) 


TO BLOW TUBE . TO STSTEM 



In Figs. 2b--e and 3b-^ several possibilities of second-order 
focuring arc presented for ^*90° and 4>*60® respectively and 
cimcjsO. This may be compared with the first-order focusing 
shown in Figs. 2a and 3^,. 

In the symmetrical case with straight lines as field boundaries 
(inflection case see Fig. 4) Eqs. 

(2) and (3) give the simple relations: 

It is clear that second-order focusing may be applied advan¬ 
tageously in high intensity mass- and beta-spectroscopy. 

A detailed report on the subject will be given in an article to be 
published in the ZeUschrifijUr Naiurfarschung. 

1L. Ker vln. Rev. Sci. Iiwt. 20. 36 (1949). 

>Smythe. Rumbaugh, and West. Phya. Rev. 45. 724 (1934). 

’H. HintenbergerTZeiU. f. Naturforschg. da. 125 (1948). 

* H. Hlntenberger. Zeita. f. Naturforachg. 3a, 669 (1948). 

»K. T, Balnbrtdge. Seventh Solvay Congreaa in Chemistry. September 
1947. 

«R. Herxog. ZeiU. f. Phyaik 89, 786 (1934). 


Allison^ has described a satisfactory mouth<ontrol[ed valve for 
the use of compressed air to blow the glass^ but it was felt that a 
less complicated device was needed. Traps containing water or oil 
proved ineffective. Finally, the device shown in the figure was 
devised and has been in use for some time. 

A jar from vacuum-packed coffee was obtained and two pieces 
of copper tubing soft soldered to the metal cap. An ordinary toy 
rubber balloon is held to one of the tubes Inside of the jar by a 
rubber band. Rubber tubing leads from the other end of the copper 
tube to the blowing mouthpiece, and from the other copper tube 
to the system. It can be seen t^t there is complete isolation of 
gas in the system from the atmosphere, yet the expansion of the 
balloon forces air into the system. The glass blower has the same 
control over the blowing as if the balloon were not present. It was 
found that a jar of the size described has sufficient capacity to 
allow working a system of average sixe. 

This device has been in use for some time in this laboratory and 
has proven very eflective in working mercury-filled systems. There 
is no maintenance other than the replacement of the balloon every 
few months to prevent its becoming contaminated. 

1J- b. AllUon. Rev. Scl. Init., 12. 212 (1941). 


Mercury Vapor Trap to Protect 
Laboratory Workers 

James J. Bropiiy 

Pkysici Department, Illinois InUUute etf Tectnoiogy, 

Chicago, JUinois 
July 12. 1949 

hen using glass vacuum systems, it frequently becomes 
’ “ necessary to repair punctures or cracks in the glass walls. 
If mercury is contained in the system, ‘^blowing” the repaired 
point with a blow tube held in the mouth may become quite 
ha»rdou8 due to mercury vapor. Experience in this laboratory 
indicates that cool tubing between the joint under repair and th« 
blow tube is not a safeguard against mercury vapor. Because of 
the frequency of such minor repairs and the haaardt involved, it 
becomes imperative that some device be used to prevent mercuty 
vapor from leaving the system and yet to idlow the i^aas to be 
worked in the usual manner. 


Improved Multivibrator Quenching Circuit 

C. V. ROBfMSON 

Biophysical tahoratory. Harvard ifedicai School, 

Boston, Maisoehusoits 
July 15. 1949 

T he multivibrator quenching drcult, though it is more com¬ 
plex than the Nehcr-Pickering or Neher-IUrper circuits, has 
an important advantage in that it produces a quen^tng pulse 
whose size and duration are independent of the counter pulse. 
The multivibrator action of the original circuit by Getting^ has 
been improved upon by Maler-Ldbnitz,* but neither circuit has 
the advantage of permitting the counter cylinder to be grounded. 
One example in which thia feature is necessary, is the use of mttal- 
waDed counters for biological experimenU sm vioo, The folkwriag 
drcttit has good multivibrator action arid permits counter 
cylinder to be grounded. 
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Fig. MultiVtbdrator quenching drcuit. 


The ciroiit is shown in Fig. 1, The right, or second, 6SJ7 in the 
hgure is normally not conducting, and its plate supply is the 
positive operating voltage of the counter. The counter is connected 
into the plate resistor of this tube and coupled by a condenser to 
the grid of the first 6SJ7 which is normally conducting and has a 
ISO V plate supply. When a negative pulse appears on the counter 
wire, the multivibrator is triggered and the wire undergoes an 
approximately square negative quenching pulse (Fig. 2) which is 
one>half the pulse on the plate of the second 6SJ7. The voltage on 
the counter wire drops 240 volts initially, then rises to and remains 
at 170 volts below the operating voltage for the duration of the 
pulse and finally recovers in about 5 percent of this time. The 
recovery of the control grids to their ste^y bias values is consider¬ 
ably quicker than the recovery of the counter wire, so that the 
circuit is always ready for any pulse coming from the counter. 
The quick recovery of the circuit depends on the use of d.c. 
coupling from the first plate to the second grid and the use of 
crystal diodes for the first grid resistor (Fig. 1). 

The duration of the quenching pulse is proportional to the 
capacitance of the condenser which couples the counter to the 
circuit. However the 5 percent recovery fraction is not afiected 
by varying this capacitance. The potentiometer in the second 
cathode resistor varies the cut-ofi bias of the second tube, and 
hence the sensitivity of the drcuit, without affecting the size or 
shape of the qaencl^ pulse. Since the quenching pulse is likewise 
independent of operating voltage, the average plate current of the 
second 6SJ7 gives an accurate measure of the counting rate. 

The drcuit is sensitive to quite small pulses but will operate 
with a fair amount of capacitance across the input so that an input 
cable may be used. Some background may be caused by leakage 
pulses. 



The voltages necessary to operate this circuit are supplied from 
outlets in most commercial acting units. The proper value for the 
resistor which couples the drcuit to the scaler depends on the 
sensitivity of the scaler to be used. 

The author wishes to thank Mr. D. C, Caton for his friendly 
help and interest in working out this drcuit. This work has been 
supported in part by the Atomic Energy Commission. 

* I. A. Getting, PhyB, Rev. 53, 103 (1938). 

* H. Maicr-Ulbnitx, Rev. Sci. Iniit. 19. iOO (1948). 


Note on the Accuracy of the Buerger 
Precession Camera 

Howard T. Evans, Jr. 

Massachusetts JnstUttie of Technology, Cambridge, Massachusetts 
June 30, 1949 

I N a recent communication* concerning the use of the Buerger 
precession camera in x-ray diffraction studies of single crystals, 
it was observed that in one test lattice measurements made with 
this instrument appeared to be accurate to within four parts in 
10,0(X). Since there has been considerable interest in this point, 
it seemed worthwhile to survey the accuracy of the method to 
obtain a more reliable estimate than is afforded by this single 
observation. Several exposures were made of a quartz crystal 
(after Bradley and Jay),* using various x-ray wave-lengths and 
crystal-to-film settings (F). The results are summarized in 
Tabic 1. 


Tablk I. 






Error, 


Error, 

Film 

F, cm 

Rad. 

09 . A 

p.p.t. 

A 

p.p.t. 


Bradley & 

Jay 

4.91278 


5.40416 


1 

6.00 

CuKa 

4.911 

-0.37 

5.406 

0.37 

2 

5.50 

MoKa 

MoRoi 

4.9260 

2.73 

5.4077 

0.65 



MoAat 

4.9240 

2.32 





UoKfi 

4.9260 

2.73 

5.4018 

-0.44 

3 

6.00 

MoKa 

MoKai 

4.9330 

4.15 

5.4102 

l.ll 



UoKat 

4.9352 

4.60 





UoKfi 

4.9266 

2.81 

5.4109 

1.24 

4 

7.00 

MoAor 

4.9318 

3.91 

5.4134 

1.70 



MoKfi 

4.9312 

3.79 

5.4105 

1.16 


It is apparent that the original observation was optimistic, as 
was to be expected. The average error, uncorrected, is 2.50 parts 
per thousand, in agreement with the recent estimate of Barnes.* 
In some cases the error may be as high as 5 p.p.t. 

Two factors probably account for most of the error: (1) error 
in F setting and (2) film shrinkage. The latter is probably re¬ 
sponsible for the consistently high values shown. Evidently, in 
film No. 1, the two errors nearly cancel each other. It is suggested 
that in future models of this instrument the distance from film to 
crystal be fixed at 6.(XX) cm, so that the error due to this source 
may be eliminated. 

The difference in average error in the at and measurements is 
probably a result of crystal shape. The prismatic crystal is ap¬ 
proximately 0.lx0.3 mm in size, and the resulting elongation of 
the x-ray spots would give rise to variations in error of judgment 
In setting a lurirline in the two directions. 


i Evans. Tffden. and Adams. *‘New techniques applied to the Buerger 
camera for x-ray diffraction studies.^ RevrSd. Inst. 30, 155-159 

Phys. Soc. 45. 507-532 (1053), 

«W. H, Bamea. Am. Min. H, 173-100 (1949). 
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Equipment for Meaeuiixtg Light Scattering 

M. Birk and F. F. Noro 
tyepartmfnt nf Organic Chemistry* Fordham VniiffrsMiy, 

New York, New York 
August 10, 1949 

D uring our investigation by light scattering of aggregation 
phenomena in aqueous colloidal solution,* we have employed 
for two years a simple Tyndallometer in conjunction with a differ¬ 
ential refractometer. The two instruments are similar to those 
described by P. P. Debye.’* This description is presented because 
of the simplicity of construction and ease of use of our models, 
as well as because of the glass cells emplo>'ed. 

In the Tyndallometer presented in Fig. 1, the from a 
mercury arc lamp (General Electric AH-4) is focused by a simple 
optical system on the center of the cell containing the solution to* 
be examined. The optical system is conveniently placed in an 
optical tube, which contains light filters to isolate the desired band 
of the mercury arc ^ectrum (Wratten fillers No. 2A and C5 for 
Xa4360A. The tube can be equipped with a polarizer. 

The housing of the cells containing the solutions is cylindrical, 
the cells containing the solution to be examined being centered by 
a system of semicircular double recesses. It is fitted with a double 
bottom for temperature regulation by water circulation. The 
heavy wall of the bousing possesses radial apertures at angles of 
45, 90, 135, and 180^ to the incident beam of light. Into these 
circular apertures slides a short metal tube connected to the 
window of the search unit, which it supports. The search unit b 
part of an electronic photometer (Photovolt Corporation, New 
York, N. Y.: Model 512 with special multiplier search unit attach¬ 
ment), whose sensitivity is approximately 1X10"* ft.-c. Thus, 
either the intensity of transmitted light or the scattering intensity 
at the three symmetrical angles can be measured. The window of 
the search unit is equipped with a photographic shutter and the 
above-mentioned short metal tube. This contains a reversed 
collimating system, consisting of a lens (/«5 cm) and a screen 
with a cenUad pin hole, placed in the focal plane of the lens. This 
system is necessary for accurate delimitation of the angle of 
scattering. 



The intensity of the primary beam of light is continually 
checked by a self-generating photoelement. *^0 line voltage to 
the mercury arc lamp is regulated by a constant voltage trans¬ 
former. The lamp housing is water cooled. A rotating plate with 
circular apertures of varying diameters is interposed b^ween the 
light source and the optical tube. This offers a convenient way of 
regulating the intensity of the primary beam of light, rims extend¬ 
ing the most useful range of the photometer. 

For 90* scattering, rectangular cells arc used. For angular 
measurements, semioctagonal cells have been introduced. To avoid 
reflection from the back wall of the cell, with consequent increase 
in measured dissymmetry of scattering, it has been found essential 
that this wall be either of black glass or provided with a dull black 
^dass cemttit, fused on its outer surface.! 

^ the differential ref^bmeter presented in fig. 2, a mono* 
'tic U(^t beam is obtidned by the use of a pred^ 



Fui, 2. Dlfferentiml refractometer (top view); A «Light tourcc; B* 
ptical Byslem and light filters; C ■■Two-compartment cell for solvent and 
Jution; D »Microscope ocular and micrometer. 


a set of light filters identical with those used in the Tyndallometer. 
The beam is rendered as nearly parallel as possible, and, upon 
passage through the refractometer cell, is focused by a lens (/«*65 
cm) on the cross hair of a microscope ocular. The ocular can be 
moved horizontally by a micrometer screw, measuring the dis¬ 
placement of the projection image of the slit with an accuracy of 
2X10~^ cm. The whole optical system and the thermostated cel) 
holder are conveniently placed in an optical tube. 

The fused refractometer cell is rectangular, with optical glass 
windows and divided longitudinally by a thin glass wail, fused at 
an angle of about 77^ to the front window. The cell is thus divided 
into two equal compartments, one containing the pure solvent and 
the other the solution. The beam of light, in passing through the 
cell, will be deflected proportionally to the difference of the refrac¬ 
tive indices of the liquids in the two compartments. The sensitivity 
of the instrument is ri:2X10*‘*AM. In calculating the index of 
refraction and calibrating the instrument, the deflection of the 
beam of light caused by the glass wall which divides the ceil, 
must be taken into consideration. The original ty{)e of cell,* 
containing a hollow triangular prism, was found to give less re¬ 
producible results, due to the large difference in volume of the (wo 
compartments. 

The calibration of both instruments must be carried out with 
samples of known turbidity, resp. index of refraction. Both 
instruments may be used in full light. 

This work was carried out under the auspices of the Office of 
Naval Research. The instruments were built by W, H. Baker, 
Elmhurst, L. I., N. Y. 

* Commuoication No. 144. 

« M. Bier and F. F. Nord, Proc. Nat. Acad. Sci. 35. 17 (1949); Timashefl, 
Birr, and Nord. ibid, 35. 364 (1949). 

* P. P. Debye. J. App. Phya 17. 392 (1946). 

t Such cell* are manufactured by the Pyrocell Manufacturing Company, 
New York. N. V. 


Absorption Corrections in X-Ray Studios 
of Preferred Orientation 

J. F* H. CUSTBRS 

Diamond Research JUthorataty, Johannesburg, South AMca 
June 10. 1949 

W ITH reference to the paper by Smoluchowski and TXtrtter 
I would like to draw attention to the fact that this problem 
was considered in some detml nearly a year ago. A paper embody¬ 
ing similar calcularions appeared in Physica* as a supplement to 
”A.New Method for the Determination of Preferred Orienta¬ 
tions,”* where the treatment was somewhat fuller thui in the paper 
by Smoluchowski and Turner. However, in general, their results 
confirm those obtained earlier, but the following points ate worthy 
of mention. 

In my p^r not only the case of transmission (diffiictad besms 
emerging at the badt of the spedmaR, he., ease of 8* and %) is 
considered, butformtriasamalmdcriv^fbrthealNKnpii^^ 
for a-rayi whan these are reflected from the front of HbB iet 
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ipedmen. Neglect of the ebeorption is not permissible in this bitter 
caie> M is e^dent both from the theoretical and experimental 
curves published by me * 

The formulas for (E/Eo)/ and (£/£o)ii that is for the intensities 
of reflected and transmitted x-rays respectively were given by me 
in a somewhat complicated form. On substitution of 

sinoEo * cosotsT and sin cos/Sbt* 

where the index ST refers to Smoluchowski and Turner, and the 
index C to Custers, it can easily be verified that the general 
formubt for (E/Enh takes the form given by S. and T. (their 
formula 2). 

If the formula for (E/Eo)/ as given in my paper and which refers 
to reflected radiation, is transformed by making the above* 
mentioned substitutions, it is found that the intensity of the 
reflected x-rays as a function of the angle of incidence a takes 
the form: 

The expressions for transmitted and reflected x-rays differ, 
therefore, only by the factor exp(td/A). 

In my article a formula is also given for the breadth of the 
Debye line as a function of the aximuth angle. This breadth turns 
out to be a sine-function. 

I R. Smohichowikl and R, W. Turner, **Absorption corrections in x-ray 
studies o( preferred orientatioir,** Rev. Set. Itist. 30. 173 (19491. 

* J. F. H. Custers. **The intensity dietiibutiw alonf the I>ebye halo of a 
flat specimen in connection with a new method for the determination of 
preferred orientations," Physica 14. 461 (1948). 

• J. F. H. Custers. Physica 14, 453 (1946). 
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W. A. Wildhaek: AMociate Sditor 
in Charve of tliit Section 

NatiocMl Bureau of SundaRlt, WastUngton, O. C. 

77w.Tr /Uscri^ions ore bastd <m infvrmaHan suppled ihe manu¬ 
facturer and in $ome cases from indapendant sauscas. Trb Ravisw 
ftr5«mtf5 no respotisibiliiy for their correctness. 


Ultrasonic Analyzor A new panoramic system for 

ultrasbmc spectrum analysis has 
been announced by Panoramic Radio Products, Inc. Called the 
Panoramic Ultrasonic Analyser, Model SB-7, it reduces the analy¬ 
sis of ultrasonics to the simplest, fastest, and most direct proced¬ 
ures by enabling observation of the frequency and amplitude of 
one or many ultrasonic signals at one time. 

Similar to other types of panoramic instruments, the SB-7 is an 
electronically tuned receiver in which the output is applied to a 



catbode^n^ tube oscilloscope. Indications are obtainable for 
signals between 2 kc and 300 kc in the form of vertical deflections 
distributed across the cat|iode-ray tube screen, calibrated to pro¬ 
vide direct readings of these values. The horixontal location of each 
deflectiaa indicates the frequency of its corresponding signal. 

The SB-7 has continuously variable resolution, cabling analysis 
of signals sq>arated by as little as 500 c.p.s. Signal amplitude 
ratios as high as 300:1 are measurable, with full-scale deflections 
for Input voltages between one millivolt and 50 volts. Scanning 
width is variable from aero to a 200-kc maximtun. 

Typical uses for the instrument include analysis of ultrasonic 
vibrations, monitoring telemetering subcarriers and communica¬ 
tions carrier systems, evaluating harmonic and intermodulation 
distortion, measuring spectrum distribution of noise, checking 
transmission characteristics of lines and filters, Fourier analysis 
of complex ultrasonic wave forms and for countless other investiga¬ 
tions where over-all observation of the ultrasonic ^>ectrum is 
required.— PANORAiac Radio Products, Inc., 10 South Second 
Afmue^ Mount Fsnum, New York. 


PeakVoltixe Peak voltage rectifiers for use 

RaCtifiBrs Electrostatic Volt¬ 

meters have been announced by 
the Rawson Electrical Instrument Company. Type 518P5 pro¬ 
vides for measurement of voltages to five kilovolts, and Type 
518P15, for voltages to 15 kilovolts. 

With the combination of peak voltage rectifier and electrostatic 
voltmeter, the peak voltages of a wide variety of pulses, including 
microsecond pulses, can be measured, Radiofrequency high voltage 



measurements can be made; there is practically zero resistive, 
current drain, and the input capacitances are approximately S^Mf 
for plus peaks and 18 upd for minus peaks. 

Suggested applications for peak meters are in induction heating 
units, television r-f power supplies, radio transmitters, testing 
transformers, and apparatus generating high voltages at lam radio 
frequencies.— Rawson Eixctrical Instrument Company, Inc,, 
Cambridge^ MassachuseUs. 


Binac Blnac, the world^s second all- 

electronic brain, has been built to 
order by the Eckert-Mauchly Computer Corporation for Northrup 
.Aviation, Inc. Designed especially for the sdution of engineering 
problems, Binac is tiny in comparison with Eniac, its 30-ton parent 
which was built in 1946 for the U. S. Army. The computing unit 
of Binac is 5 ft high, 4 ft long, and 1 ft wide. 

Binac operates in the bitiary system*, it is required only to dis¬ 
tinguish between xero and one. The computer converts auto¬ 
matically to binary numbers before beginning calculations and 
converts answers back to decinuri form before printing them out 
on an electric typewriter. Actually, the computer receives and 
puts out figures in the octal system, from aero to seven, as this 
converts more earily to binary numlwrs than the decimal system 
does. Decimal numbers may be expressed using pairs of octal 
numbers. 
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The main reason for Binac*s smaller size is the use of a mercury 
memory tube, which replaces 17,000 vacuum tubes and can store 
15,000 binary digits. Electrical pulses representing numbers and 
instructions are sent through it at a rate of four million per second. 
They are held in the mercury column by being rerouted through 
it as many times as necessary. 

Binac is expected to have great value in reducing preliminary 
design and test time on research and development projects. Calcu* 
lations formerly impossible or impractical of solution can be 
completed rapidly, eliminating many costly and often destructive 
physical tests which were previously necessary.— Eckekt- 
Maucihly Computer Corporation, J7^7 Rid^e Avmue, Pkila- 
ddphia^ Pennsylvania, 


Photo-Tube head-on, multiplier 

photo-tube 5819 is intended for use 
in scintillation counters for the detection and measurement of 
nuclear particle radiation and in other applications involving low 



levll, Urge-area li^t sources. It has high sensitivity to blue-rich 
light and negligible soisitivity to infra-red radiation. 

An outstanding feature of the 5819 is its semitransparent photo¬ 
cathode, which has a diameter of 1} in. and an area of 1.8 square 
in. This relatively Urge cathode area permits very efficient cdiec- 
tion of light from large-area light sources, such as are encotintered 
in scintillation counters. 

The spectral sensitivity characteristic of the 5819 peaks at about 
4800A and cuts off at about 3100 and 6500A. It covers a region in 
which many organic and inorganic pho^hors re^ond effidently 
to radioactive emanations. 

Utilizing ten electrostatically focused dynode stages, the 5819 
operated at 90 volts per stage is capable of multiplying feeble 
currents produced at the cathode under weak illumination by an 
average value of 400,000 times.— Tube Department, Radio 
Corporation of America, Harrison, New Jersey, 


Aneroid Altitude order to improve the proced- 

Standard calibrating and testing air¬ 

craft altimeters, Wallace & Tiernan 
Products, Inc., bas'developed a high precision aneroid indicator. 
The range is from minus 1000 ft to 30,000 ft altitude, with 10-ft 
graduations in the low altitude range. Although the instrument 



is compact, having a dial only 8} in. in diameter, the scale is 45 in. 
long. Sensitivity and accuracy arc respectively xJv and tV of 
one percent, and the instrument is temperature-compensat^. It 
is superior to a liquid column since it is portable, has a longer 
scale, has better readability, and eliminates hysteresis from the 
test procedure.— Wallace & Tiernan Products, Inc,, 1 Mam 
Street, BdleviUe 9, New Jersey. 


Dielectric Censtent A new, compact dielectric con- 

stant meter for liquids, lor detnon- 
stradng the prindples related to 
this property, has just been announm by the Yellow Springs 
Instrument Company, Inc. It is the first low cost commmiaUy 
available instrument id its kind and makes it possihlei with one 
external probe, to measure die full range of dielectric constants 
from unity to 85. BaricaUy the meter uses a calibrated coadmser 
to measure dianges b external o^iedtatkce ^Mrahe). A sevens 
position switch in the probe dreuit introduoei a pr^etermined 
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change in capacitance, the change being measured on the standard 
condenser as differences between readings. Readings of constants 
from one to 25 are accurate within one percent; the accuracy 
decreases to five percent at a constant of 80. 

A pair of readings is made with the probe immersed in the liquid 
of unknown constant and a corresponding pair of readings is made 
with the probe in air. The difference in the readings taken in the 
liquid divided by the difference recorded in air is the dielectric 
constant for the liquid. Increments in external capacitance are 
read by tuning the circuit to resonance with the standard con¬ 
denser, proper tuning being indicated by a sharp wink of the eye 
tube as oscillation begins.— Yellow Springs Instrument Com¬ 
pany, Inc., Y^low Springs^ Ohio. 


Transmission 
Measuring Set 


The Daven Company, manufac¬ 
turers of precision electronic equip¬ 
ment, has introduced a moderately 
priced transmission measuring set Tyf)e 11 A. Incorporating many 
of the features employed in many expensive models, this unit may 
be used to make all the precise measurements required by FCC. 



Type 11A Transmission Measuring Set is a single meter instru¬ 
ment designed for specific use in checking frequency response, 
impedance matching characteristics, and gain and loss measure¬ 
ments, over a frequency range of 20 c.p.s. to 20,000 c.p.s. Measure¬ 
ments can be made to 111 db in steps of 0.1 db. Accuracy is :fcl 
percent.— The Daven Company, 19i Central Avenue^ Neivark 4, 
Nm Jersey. 



in over-all length and up to 25 coils can be produced; pitches are 
adjustable from zero up to a wide range. The end coils of compres¬ 
sion springs are closed or squared automatically, and the springs 
are wound with a uniform pitch and to an exact length. Extended 
lengths for forming special ends or hooks can be made. Hie ma¬ 
chine is hand-operated, but a motorized unit can be added if 
desired. 

One turn of the handle produces three coils. Left-hand springs 
are made on the inner shaft, and right-hand springs are made on 
the outer shaft. The lower bar is adjustable horizontally to deter¬ 
mine length. The long cam is adjustable at various angles to deter¬ 
mine pitch. The short cam and distance from roller to long cam 
are adjustable to make any number of closed coils from one-half 
coil to three. The position and movement of the rack is adjustable 
to determine the number of coils. Arbors determine the spring 
diameters, and a friction-holding device on the tool post is adjust¬ 
able to grip the wire. Complete instructions covering installation, 
operation, and set-up are supplied with each machine.— The 
Carlson Company, 277 Broadway, New York 7, New York. 


Carlson Spring Coiler No. 1 is a 
semi-automatic machine for wind¬ 
ing both left-hand and right-hand 
compression, extension, and torvbn springs. The machine is espe- 
cuiUy useful for coiling small quantities of springs and lor making 
ssMq;>les. The set-up time is only a lew minutes, and springs may 
be wound from ^ring steel, music wire, stainless steel, phosphor 
bronze, or any ot^er spring material. 

The coiling madune will himdle wire diameters up to 0.063 in. 
and will ceil ifnings to i k. diameter; however, larger outdde 
^smeters are obtaiiMible with spedal arbors. Sprl^ up to 4 in. 


Resiatohmeter The Crown industrial Products 

Company announces a new Elec¬ 
tronic Resistohmeter. This unit is a Wheatstone bridge designed 
for measuring resistance and insulation resistance in both low 
and extremely high ranges. 

The indicator used with the bridge is a 6ES electron-ray tube. 
This tube, with an adjusting circuit and a balance switdh, replaces 
the usual galvanometer. S<^tivity of the bridge does not suffer 
by the substitution, and the pooribiUty of damage due to the large 
unbalance of the bridge when dbecldi^ unknown resbtance is 
eUminated. 


Sprittg-Coiling 

Machine 
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The Resistohmeter is guarded internally, so that leakage across 
the bridge components due to high humidity does not enter into 
or affect the operation of accuracy of the bridge. An external guard 
circuit guards specimens under test, so that leakage across paths 
other than the one under test is returned to a point in the bridge 
where it has no effect upon test measurement. 

The Resistohmeter has a range from 1000 ohms to 100,000 
megohms; d.c. test voltages used are 10, 100, and 500 volts. The 
unit operates on 115-volt, 60-cyclc, a.c. current. Accuracy of 
operation of the unit is independent of power line voltage varia¬ 
tions in both measurement of pure resistance and of leakage 
resistance of condensers.— Crown Industrial Products Com¬ 
pany, 131$ Wtsl Sitly-Ninth Sfreef, Chicago, lUinots^ 


Gas Analysis Gow-Mac instrument Com¬ 

pany announces a new line of im¬ 
proved thermal conductivity units for low-cost gas analysis. 
Designated Type M by the manufacturer, these new units have 
the same precision of construction and close adherence to specifica¬ 
tions as earlier products, but offer a far greater usefulness in gas 
analyris instrumentation as a result of greater bridge output and 
larger variety of available models. 



M oelk afar a nigged, aocumte, and extremely knr^ooet 
met^ of observing gases for purity or quantitative changes in 
gas mixtures under advanced, atmo^heric, or partial pressures. 
Those Concerned with spedal atmospheres, gas synthesis, inert 
gas distribution and generation, or the eflkiency of furnaces and 
internal combustion engines, will find Gow-Mac Type M cells 
highly useful. In addiUon to industrial and research applications, 
the modest cost of Gow-Mac cells makes it posrible for spools and 
colleges to indude this equipment in thdr demonstration appa¬ 
ratus even where budgets are very conservative. 

Type M/K is the most popular sensing element for continuous- 
service systems and pves a signal comparable to that originating 
with thermocouples. It can be incorporated into pyrometer circuits 
with <mly slight changes and recalibration. The bridge is mono¬ 
metallic and highly reliable. Ho\ising is a handy rized steel cabinet, 
for bench or panel mounting. 

Type M/K-SS has the same electrical and physical character¬ 
istics as Type M/K but is made of stainless steel for containing the 
more corrosive gases. 

The model illustrated is the M/K-8, an eight-filament bridge 
with doubled output and highly satisfactory features for sensitive 
recording and control circuits. In gas-air tests, this unit has an 
output of 1.70 millivolts for one percent COt in air and 11.8 
millivolts for one percent in air. 

The companion Model M/T-8 has an output of about five times 
that of the M/K-8. Both units are mounted in a steel cabinet 
6 in.X6 in.Xfi in. complete with gas-ffow fittings and electrical 
terminal strips. Type M/T is a supcrsenritive four-spiral filament, 
selected by designers of portable and scmiportable instruments 
because of the ease with which it can be used with many standard 
commercial galvanometers and standard power supplies.— Gow- 
Mac Instrument Compaky, 22 Lawrence Street, Newark 5, New 
Jersey. 


Widd^Band Amplifier Wide-Band Amp¬ 

lifier is a new wide-band amplifier 
designed to make easier and faster a wide variety of measurements 
necessary in television, u.h.!., nuclear, oscilloscope, and general 
laboratory work. 

This instrument offers true amplification without objectionable 
ringing or overshoot up to 200 me. The pulse rise time is only 0.003 
microaec., and a gain of 20 db Is provided. As many as five instru¬ 
ments can be cascaded to provide addirional gain. 



The -hp- 4fi0A is also designed for use with the -hp- 410A Vac¬ 
uum Tube Voltmeter, and In this connection wiU increase volt¬ 
meter sensitivity 10 tim^ at frequendes up to 200 me. Thb makes 
possible fast, easy, mid-acale readings of voltages as low as 
0.01 volt 

Since this instrument gives optimum perfomumee through an 
impedance of 200 ohms, a 200Hohm coaxial system of ocmnectors 
and cables it used with the *bp- 4fiaA. Accessories hufale kads 
with fittings, pane! jadts, plugs, and caMes, adapters to connect 
the instrument into a standard 5(Mim K mtem, and a 
ipecisJ adaptor for uae with the 4I0A Vacuum Tkbe Volt- 
meter.-l&twtXTt-PACRAim CoitraMY, m Pau MM JtmA IWe 
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Rftdlfttloil Countdf Model RC-1 Radiation Counter 

combines the functions of a scaling 
unit, a radiation survey meter, a count rate meter, and a con* 
lamination detector. The complete unit Is extremely versatile. It 
measures only 12| in. by 9} in. by 8} in. and weighs less than 24 lb. 

Some of the features of the RC-1 are continuous 24 hr. per day 
stable operation without overheating; binary or decade scaler, 
choice of scaling values; self-contained high voltage supply from 
.SOO to 1600 volts (higher voltage optional); resettable register 
mounted on panel; provision for elaps^ and predetermined timers 
and preset count; count rate meter with ranges of 500. 5000, and 



50,000 counts per min.; a special circuit keeping meter fluctuation 
minimum over the three ranges and t>cnnilting continuous varia¬ 
tion of meter response. 

Less space is required because of improved circuit design and 
choice of components. Provision is made for additional amplifica¬ 
tion, so that this unit may be used with proportional counters or 
with crystal scintillation counters.— Nucleonic Corporation of 
Akeiuca, Unum 5/reef, Brooklyn J/, Nm York, 


Varian Associates have made 
available a microwave test set-up 
for operation at frequencies be¬ 
tween 2<S(W TOC and 3950 me. Wave guide used is AN T>'pc 
RG-48/U, 1* in. by 3 in, by 0.080 in., with UG-S3/U flanges. 

Components of this test set-up are illustrated and are described, 
from left to right, in the following: (1) Coaxial cable to wave guide 



transition having voltage standing wave ratio less than 1.25 from 
2700 me to 3200 me, and a connectorless cott|ding arranged to 
accommodate RG-5/U, RO-8/U, or RG-21/U flexible cable 
directly, utilising the inner conductor as probe; (2) variable 
attenuator with range from 0.5 db to 10 db and power rating of 
1 watt average, 1 kw peak; from 2600 me to 3400 me, the VSWR 
is less than 1.1; (3) standing-wave detector with precision-groimd 
surfaces for continuing accuracy better than one percent; (4) ter¬ 
mination which exhibits VSWR less than 1.05 from 2600 me to 
3400 me, handles average power of 1 watt, peak of 1 kw.— Varian 
Associates, 93 Washinf^ Struts San Carlos^ CaUfomia, 


Pyromotdr Controller The Loudon Electronic Control¬ 
ler is an entirely new instrument for 
medium and high temperature control applications. It is designed 
for use where precise control is needed or where vibradon is severe, 
hut the added cost of indicadng or recording is not justified. 

A thermocouple sensidve element is used. The measuring circuit 
is a null balance potendometer with automatic cold junedon com¬ 
pensation. Frequency of standardising is greatly reduced by a new 



battery and circuit. Thirteen standard measuring ranges are 
available. 

Unbalance voltages are converted to a.c. and amplified elec¬ 
tronically. Control action is continuous and high sp^. A two- 
poddon control relay is operated directly by the amplifier through 
a trigger dreuit for high senddvity. An andchatter circuit assures 
positive action^ The rday contacts are suitable for operating 
valves, small heating elements, contactors, etc. 

The entire unit is designed for bdostri^ service under severe 
conditions of dust, fumes, and vibration. The case is compact wad 
is designed for either wall or flush panel mountlng.----Loui>ON 
iNStRUMENTS, Inc., S644 loko Pofk Avonuo, Chkaio, /flteir. 


Wave* Guide Test 
Equipment 
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Tor<lU6 CoilV6rt6r Zero-Max is a torque con¬ 

version structure Sor speed control 
variable from zero to maximum. Its operating prindple involves 
the use of a crank motion on the input shaft creating linear motion 
v^hich is absorbed on the output shaft by a scries of one-way over¬ 
riding dutches. A leverage mechanism is placed between the two 
shaft structures for varying the length of the stroke from zero to 
maximum, a continuous speed variation from zero to 4:1 ratio. 



The principal advantages claimed for the Zero-Max are that it 
is compact, can be mounted in any position, provides level flow of 
power, has instant response to change of speed which can be made 
either while operating or stopped, excellent low speed as well as 
high speed performance, high starting torque, silent operation, 
and low cost. 

The smallest unit which will handle loads up to 10 in. lb. output 
torque is now available. Its dimensions are 4 in.X2i in.X 11 in.— 
Revco Incorpoxateo, 40S Thorpe Building, Minneapolis, 
Minnesota. 


Manufactiirers’ Literature 

Instrument Notes—No, 9, May-June 1949, 4 pages, con¬ 
tains an article “Design parameters for linear accelerometers,’* 
including mathematical analysis.— Statham Laboratories, 
Inc., 9328 Santa Monica Boulevard, Beverly Hills, Califorma. 

Traceiiog—No. 20, July 1949, 16-page publication features 
an article on Tracerlab beta-gaug6s including topics on typical 
uses, radioactive source material, source rental and servicing, 
range and precision, speed of reaction, availability, calibration, 
and standardization.—TRACERLAB, 55 Oliver Street, Boston 10, 
Massachusetts. 

Oscillographer—Vol. 11, No. 3, July-September 1949, fea¬ 
tures an article on the new DuMont Type 314-A Oscillograph- 
Record Camera. Also there is a description of Type 2542 Pro¬ 
jection Lens and an article on a balanced-input adapter cir- 
cuiL—Allen B. DuMont Laboratories, Inc., 1000 Main 
Avenue, Clifton, New Jersey. 

Experimenter—Vol. XXIV, No, 2, July 1949, 4 pages, 
features description of a new decade inductor, Type 1490, 
available in a range of one millihenry to 10 henries. Construc¬ 
tion data, electrical characteristics, and safe operating limits 
are given. 

Vol. XXIV, No. 3, August 1949,4 pages, contains an article 
on measuring noise levels of f-in transmitters, and “the versa¬ 
tile voltage divider,” Part Radio COkpakv, 

Z75 Avenue, Camdrridge 39, Mnsiochuseite. 


XoRay Tube—A kit contains complete information and 
calculation charts for the new Amperex Rotating Anode X- 
Ray Tube “3000,”— Amperex Electronic Corporation, 25 
WashinztoH Street, Brooklyn 1, New York. 

lUdioactivity Inetruments—New RCL Information Bulletin 
No. 8 includes description and illustrations of an extensive line 
of instruments for detection of radioactivity,— Radiation 
Counter Laboratories, Inc., 1844 WeslZJst Street, Chicago 
8, Illinois, 

Photoelectric Celle—Bulletin PC-649, 4 pages, describes 
new line of selenium self-generating photoelectric cells. This 
bulletin contains diagrams, curves etc., describing the con¬ 
struction, performance characteristics, and applications of the 
photo-cells. A price list is also included.— International 
Rectifier Corporation, 6809 South Victoria Avenue, Los 
Angeles 43, California. 

Vlscoaimeter—Eight-page catalog describes the Brookfield 
Synchro-lectric Viscometer, acclaimed by users as offering the 
fastest and easiest method of measuring the viscosity or flow 
characteristics of materials—both in laboratories and at 
point of process.— Brookfield Engineering Laboratories, 
Porter Street, Stoughton, Massachusetts. 

Preature Gaugp—Four-page, illustrated bulletin describes 
a compact gauge for measuring mechanical pressures or com¬ 
pressive loads. Full-scale readings of 100 lb. to 2500 lb. are 
available.— W. C. Dillon and Company, 5410 W. Harrison 
Street, Chicago 44, Illinois. 

Panel Inatmments—Bulletin GEC-579 describes new line 
of 34-in., long-scale panel instruments of internal-pivot-type 
construction. These instruments employ standard 3i-in. round 
and square cases, with 250 degree scale, 4.92 in. long, for g(X)d 
readability.— General Electric Company, Schenectady 5, 
New York. 

Controllers—Thirty-two page bulletin, No. A120, illustrates 
and describes the company's new line of Series 500 air- 
operated controllers for automatically controlling tempera¬ 
ture, pressure, flow, liquid level, humidity, and pll value. 
Complete data is given concerning on-off, proportional, reset, 
derivative, and reset plus derivative models.— The Bristol 
Company, Waterhury, Connecticut. 

Centrifuge—Form 25849L4 describes the new Spinco pre¬ 
parative centrifuge, having a top speed of 40,000 r.p.m, and 
equipped with vacuum chamber, vacuum pump, refrigeration 
unit, and related controls within a single enclosure.— Special¬ 
ized Instruments Corporation, 612 0*Neill Avenue, Bel¬ 
mont, California. 

Volt-»Anuneter‘—Catalog 109, 4 pages, describes the Am- 
probe pocket-sized, split-core voltammeter for measuring cur¬ 
rent without interrupting service. A pair of test leads is in¬ 
serted in front-mounted pin-jacks for voltage measurements. 
Full scale current ranges of 6.5 amp. to 250 amp. are available. 
—Pyramid Instrument Company, 49 Howard Street, New 
York, New York. 

ResUtors—Bulletin No. 4906, 4 pages, describes the SOX 
high voltage resistor. This resistor is rated at 4 watts, and is 
offered in values from 100 megohms to 100,000 megohms, 
established at 10,000 volts d.c. at 75®F and 50 percent rektive 
humidity. Standard tolerance is plus or minus 10 percent.—S. 
S. White Industrial Division, 10 East 40tk Strea, New York 
16, New York, 

Audio Sweep GeneratiM—Bulletin 20A describes a new 
automatic audio sweep g^erator having a frequency of from 
25‘ c.p.s. to 32,000 c.p.s, in one continuous range. The auto¬ 
matic sweep is adjustable from SOO cycles to 10,000 cycles, 
and sweep frequency is adjustable from 2 to 10 sweeps per 
second.— ^OUGH Brbnolb Company, 6014 Breadway: Chi¬ 
cago 40, JUinois, 

Power ^ngle cataldg sheet describes Model 1210 

Twin Power mindly, wfaicii bae two regulated output 
each kdepenfmtly adjustable from 0 to 500 volts dx. at 
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0-*150 millianip. Either positive or the common negative 
terminal may 1^ grounded externally.— Furst Electronics, 
IZ South Jefferson Street, Chicago 6, Illinois. 

Relay —Four-page bulletin illustrates and describes type 
DO Amrecon power relay designed for exacting control rc- 
quirements.—AMERTCAN Relay and Controls, Inc., 49Z5 
West Flournoy Street, Chicago 44, Illinois, 


New Materials 


Forest K. Herrie: Aaeodete Bditor 
in Cherge of this Section 

Netionnl Btirenu of Standards, Washington, D. C. 


Scintillation Crystal Clear crystals of cadmium tung¬ 
state, similar in physical and 
chemical properties to calcium tungstate, have recently been 
synthesized. Single crystals are grown in the form of slender, 
approximately square-section rods. The crystals are clear, pale 
yellow in color, having a density of 7.9 and a refractive index of 
2.2-2.3. The emission spectrum has a peak just above 5(X)0A, and 
the crystal is transparent to its own emission. Under 7 -ray excita¬ 
tion this new tungstate possesses high phosphor efficiency through¬ 
out the temperature range 0-75®C/ln addition, synthetic cadmium 
tungstate is a durable crystal of high physical and chemical 
stability, allowing its use in installations subject to the action of 
water or high humidity, solvents, or dilute acids. Because of its 
properties, it may be used as a phosphor in scintillation counters 
for the detection of high energy radiations such as x-rays, T-rays 
and cathode particles. Unlike certain other phosphors it was found 
to have no appreciable long-time phosphorescence after exposure 
to massive dosages of radiation. Because of its very high refractive 
index, much of the generated light can be lost by total internal 
reflections. It is therefore necessary that the shape and mounting 
of this crystal with respect to the photomultiplier tube be designed 
to minimize these losses. 

Linde synthetic cadmium tungstate is now available in research 
quantities, in J-inch square-section ro<ls, in lengths up to 2 inches. 
These rods can be readily fabricated into windows or mosaics for 
scintillation counters in the same manner as calcium tungstate. In 
special cases it may be possible to supply larger single pieces. 
Further information is available from the manufacturer.—^T he 
Lwde Air Products Company, New Products DmstON, Unit 
OF Union Carbide and Carbon Corporation, 30 East 42 Street, 
New York 17, New York. 


Low Temperature 
Alloy Steel 


Lebanon Grade 22 is an austenitic 
cast ferrous alloy containing 19.50 
percent chromium and 9 percent 
nidcel, among other alloying constituents. It has been us^ cflcc- 
tivdy in steel castings for pressure equipment in storing liquid 
oxygen. It is sUted to show no structural changes down to 
*423*F, but an appreciable increase in hardness, proportional to 
the decrease in temperature, is shown. Ductility is lowered some¬ 
what and the tendle strength is estimated to be approximately 
200,000 p,s.i. at “423®F, with retention of adequate strength 
factors redstance to embrittlement. The alloy Is easily welded 
by gas or dectrlc processes, without the need for subsequent heat 
treatment, since low tempmtures do not seriously impair the 
«»w«lded iiBpact redstanoe. lids same alloy has also been su^^ 


fully used in applications requiring heat-resistant characteristics 
at very high temperatures.—L ebanon Steel Foundry, Lehanon, 
Penmylvania. 


M€rCUiy-*CleEQillg I'he Bethdekem Mercury Oxifier 

PtOCeSB designed for the economical 

cleaning of metal-contaminated 
mercury. It consists essentially of a glass drum into which the 
mercury is poured, an agitator and motor, and a receptacle for the 
clean mercury. The cleaning process depends on the principle that 
base metal contaminations oxidize and precipitate from the 
mercury as metallic oxide powders. The agitator l^ts the mercury 
into a fine spray, providing maximum air contact with the mercury 
droplets. As the oxides form at the surface of the droplets, they are 
continually broken up into a dry, non-cohesive powder which can 
be readily separated from the mercury. After biing agitated, the 
mercury is transferred to a receptacle where it is held for a suffi¬ 
cient time to allow the oxide particles to rise to the surface. After 
filtering, it is ready for use. Physical dusts, oils and greases are 
removed by the Type F **gold-adhesion^* filter. 

This cleaning process is stated to be so effective that the treated 
mercury U suitable for McLeod gauges, manometers, displacement 
devices and wherever high purity mercury is required. The ap¬ 
paratus handles up to 25 pounds at a time with a residual con¬ 
tamination of less than one part per million. Noble metals, such 
as gold, are not removed of course, but since gold is not detri¬ 
mental to the value of mercury in physical apparatus there is no 
need for its removal except where absolute chemical purity is 
required. In this case a single distillation following the treatment 
is used in place of the usual triple distillation.— Bethlehem 
Apparatus Company, Front and Depot Streets, Hellertawn, 
Pennsylvania. 


High-Pressure Molykote-Type Z is a new and 

Lubricant expensive grade of molyb¬ 

denum-compound lubricant pecu¬ 
liarly adapted to extreme bearing-pressure applications. It has 
exceptional chemical and thermal stability and its lubricating 
characteristics are not aflected by temperatures up to 750®F, 
where its rate of oxidation assumes practical significance. (In the 
absence of air, experimenul data indicate that lubricating and 
antiseizing properties are maintained at temperatures in excess 
of 750®F). Its affinity for metal surfaces combined with its film 
strength prevents galling and seizing at bearing pressures in excess 
of the yield strength of most metals. It may he applied dry in 
powder form or may be mixed with solvents, oils or greases. It is 
being used as a wear-in lubricant for dies, gears and machinery. 
It is stated to excel as a thread lubricant in connections subjected 
to sustained high temperatures, where it effectively prevents 
freezing of the threaded connection. 

Molykote is a molybdenum-disulfide powder, whose tenacity 
and low coefficient of friction at high bearing pressures may be 
explained in part from its molecular structure. Each lamina is 
composed of a layer of molybdenum atoms with a layer of sulfur 
atoms on cither side. One of these laminae adheres strongly to the 
metal surface because of the strong mctal-to-sulfur bond. Other 
laminae slip easily because of the weakness of the sulfur-to- 
sulfur bond. 

The manufacturer states that the following facts are shown by 
tests. (1) At contact pressures as high as 500,000 p.s.i. Molykote 
had the lowest coefficient of friction of more than twenty lubri¬ 
cants tested. (2) When applied to screw fasteners a predetermined 
tension was r^hed using one-half to one-third the torque required 
with conventional high pressure lubricants. Tightening took place 
with smoothly increasing torque, and the static and dynamic co¬ 
efficients of friction differed less than seven percent. (3) When 
^lied on surfaces to be press-fitted, the assembly force required 
was lower riian with other high pressure lubricants. Assembly tocA 
fflaoe at a moothly increaaiig load without the usual gaffing or 
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tliiidtig. In the absence of galling the distorti 9 n of press-fitted 
parts was greatly reduced. (4) Its use on conventional taper* 
colieU increased gripping power by a factor as high as 5. (Lubri¬ 
cant was applied to threads, thrust washer and tapered surfaces, 
keeping the gripping surface free of lubricant.) (5) It is removed 
from surfaces only with difficulty. Even minute quantities adher¬ 
ing to the surface greatly improved the lubrication. Further par¬ 
ticulars are given in the manufacturer’s bulletin No. 52 .—Thk 
Alpha Coepokation, Greenwich, Connecticut. 

Polystyrene Cement Rez-N-Bond, previously used for 

cementing Lucite and other acrylic 
plastics, is now used for the permanent bonding of polystyrene. 
Setting time is a matter of seconds and finishing operations can 
be carried out within an hour. Joints are optically clear and the 
tensile strength of the bonded area is stated to be equal to that 
of the polystyrene material itself. This bonding agent is of the 
adhesive type and is non-fiammable. Further information is avail¬ 
able from the manufacturer.— Schwartz Chemical Company, 
326 West 70 Street, New York 23, New York. 

Pr6**C6m0ntillg £r-5// Uhdbond is a synthetic 

Adhesive rubber cement which can ap¬ 

plied to surfaces that are to be 
joined together at a later time, even after shipment, without loss 
of adhesion efficiency. Upon application the adhesive dries to a 
non-tacky condition in.fifteen to thirty minutes at room tempera¬ 
ture. When the precemented surfaces are to be joined, reactivation 
is accomplished by infra-red, steam or dry heat, or by brushing or 
spraying solvent on the surfaces. The material is stated to provide 
a strong permanent bond and to be effective with a wide range of 
materials including fabrics, leather, glass, wood, paper, plastics, 
steel, galvanized iron, aluminum, and metal foils. Samples for 
testing may be obtained from the manufacturer.—UmoN Bay 
State Chemical Company, 50 Harvard Street, Cambridge, 
MassachuseUs 


Lkbontoiy Products VanuhCm«a, t^teningat ttre 

and mditiiig at lOO^C, may be uied 
for leak-proof Mala between glaia and varioue types of tubi^ 
connectians. It spreads rapidly and evenly when in e hot liquid 
State and sets at a moderate rate. It will adhere to carbon, por¬ 
celain, glass, metal, wood, plastics, cloth, tranute, gypsum board, 
cork, and a variety of synthetic rubber materials. It has a low 
vapor pressure and can be used in vacuum work. It is easily 
stripped from a warmed surface, and can be recovered for reuse. 

Vamiton Stopcock Lubricant is made in 3 grades. No. / is a 
general use lubricant suitable for precision analytical burettes, ll 
is resistant to dilute adds and alkalis as well as many salt solutions. 
Its use is also suggested to eliminate the need for a gla.sB rod in 
pouring from beakers—a thin film spread around the outside Up 
prevents the formation of drops. It is also an aptmratus lubricant 
and rust-proofing compound and will successfully lubricate metal 
machine parts of apparatus submerged in constant-temperature 
baths or salt soludons. 

No. 2 is a high meldng lubricant for use where 5tot)cocka must 
be operated near a combustion furnace. It is also used on stop¬ 
cocks in lines carrying warm solutions. 

No. 3 {Organolube) is useful for glass or metal stopcocks that 
are In contact witji organic liquids. It is made of water-soluble 
materials that are generally non-reaedve and insoluble in many 
dasses of organic compounds. It is easily removed by washing with 
water.— The Varnitron Company, 416 North Varney Street, 
Burbank, California. 

Number-Coded Wire Magic Wire has a code number 

printed in bright red along each 
inch of insulation. Compared with color-coded wire it is stated to 
have the following advantages: (1) The numerals do not wash or 
wear off, nor become discolored with age; and (2) there is no limit 
to the number of code numerals available. It is regularly available 
in No, 16 solid wire with plastic insuladon and with code numbers 
from 1 to 35. Other sizes and types (with any code numbers) can 
be made up with doth, rubber, or plastic insulation, in any gauge- 
solid or stranded.— Midwest Automatic Control Company, 
510 Third Street, Des Moines P, Iowa. 
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A New T3rpe of Diffusion Pump 

E. L. Harrington 

University of Saskatchewany Saskatoon^ Saskatchewan^ Canada 
(Received March 1, 1948) 

Certain features have been added to the standard diffusion pumf) which Rive to it certain definite ad¬ 
vantages in lx)lh operation and control without introducing any new limitations. 


T he two-stage mercury diffusion pump of the 
Kerth type has long been the most widely used 
one in laboratories generally. Indeed it meets quite 
satisfactorily the needs with respect to both speed and 
ability to work against appreciable fore-pressures. How¬ 
ever, such pumps, and diffusion pumps in general, 
provide no seal between the high and the low vacuum 
sections; nor do they offer any indications as to the 
rate at which residual gases are being evacuated at 
any instant. Also, they are very dei>endent on the con- 
tmuous action of the fore-pump. 

The means by which the new type, herein described, 
overcomes these handicaps can be explained best 
through the aid of the diagram given in Fig. 1. Gas from 
the chamber to be evacuated, represented by A, passes 
in turn by the first-stage and the second-stage nozzles 
as in the standard pump, and is ejected into the water- 
cooled chamber, B. Here any mercury vapor is con¬ 
densed far more completely than would be possible in 
the conventional outlet tube. From B the gases pass 
through cock C into the fore-pump. To this point the 
new pump is similar to, and functions like the standard 
pump, and retains all its virtues. 

The new features are represented by F, K, P, 5, and 
W. After the fore-pump has reached and has operated 
for some time at its minimum attainable pressure, the 
cock, Ky is closed. Thereafter the condensed mercury 
collects in the U-tube, F, and soon effectively traps off 
the fore-pump. The outlet cock, C, is then closed and 
the fore-pump stopped. The auxiliary jet pump, P, 
thenceforth plays an important part by driving the 
traces of gases, collected by the first two stages, into 
the small bulb just below its nozzle. After F is filled, 
mercury drops overflow into P and sweep out through 
in Sprengel pump fashion, any gases collected by P. 


The pump now operates as a three-stage vapor pump 
and Sprengel pump combination, having the speed of 
the former and the trapping action of the latter. The 
fore-pump will henceforth be required for only brief 
periods, if at all, whenever the mercury manometer 
indicates the collection of an appreciable quantity of 
gas. But the trap need not be opened. It is obvious 
that considerable pressure may develop beyond F 
without affecting the action of the diffusion pump. W is 
an extension of the water jacket to make more certain 
the capture of backwardly diffusing mercury vapor. 
Experience has shown this added feature to be worth 
while even though it makes the construction a little 
more difficult. G contains a drying agent and is con¬ 
nected by a ground glass joint, K may be a simple 
cock as shown, lubricated with stopcock grease, though 
the author actually uses a mercury-sealed cock of the 
right-angle type, lubricated with only graphite, which 
may have some advantages. 

Figure 2 is included to show how an already con¬ 
structed pump of the ordinary type could be modified 
to include the new features. G is actually on a level 
with, but behind the manometer, not in the more ele¬ 
vated position shown in the diagram for the sake of 
clarity. The pumps shown in Figs. 1 and 2 are alike in 
principle. The one shown in Fig. 1 is neater and pro¬ 
vides water cooling for both inlet and outlet tubes, 
but that shown in Fig. 2 is somewhat simpler to con¬ 
struct. In either type it is rather important that the 
nozzle of F be made rather small, a nozzle only 0.68 
mm in diameter, has been found to be satisfactory. If 
too large, more vapor is driven through than can be 
condensed in the small bulb below. For the same reason 
the heater must not be run at too high a temperature. 
This would lead to a pressure sufficient to prevent the 
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mercury drops from K, needed to sweep out gases col¬ 
lected by P, from entering the latter. The capillary of 5 
should have a diameter of between 2 and 3 mm. Other 
dimensions may be judged from the scales given, but 
are not critical. 

Certain advantages of the new type of pump must 
be apparent. Through not having to opeveite the fore¬ 
pump continuously, wear, noise, and operating expense 
not only are reduced but the pump actually operates 
at a lower temperature than would be possible with a 
continuously operating pump. The traps provided by 
F and by S prevent the return of captured gases to A , 
a very great advantage in case it becomes necessary or 
desirable to interrupt the operation of the diffusion 
pump, a step not possible with the conventional pump. 
In procedures requiring long periods the pumps may 
be stopped not only for noon periods or overnight, but 
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for days or weeks, if desired, without losing all that has 
been accomplished. Gases or vap)ors once removed 
cannot get back and be readsorbed. When the trap 
first closes and the fore-pump is shut off, a Tesla coil 
will produce the same glow on either side of F. There¬ 
after the pressure will increase beyond the trap while 
that in the tube leading to P falls progressively and 
eventually no discharge shows when the Tesla coil is 
applied. When this is the case, the first two stages are 
operating against a lower fore-pressure than the fore¬ 
pump alone could ever provide. Thus it is seen that 
the pumping action of P and of S are superimposed on 
the best the fore-pump can do. Also one is enabled 
from an observation of the spaces between mercury 
drops in S to judge directly, even only qualitatively, 
the degree of vacuum attained. 
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An X-Ray Camera for Obtaining Powder Pictures at High Pressures'*’ 

A. W. Lawson and N. A. Riley** 

Institute for the Stt4dy of Metals and Department of Geology, University of Chicago, Chicago, Illinois 

(Received June 16, 1949) 

Two methods are described of obtaining x-ray powder diffraction pictures of materials subjected to high 
hydrostatic pressures. Both techniques have been successfully employed to identify simple high pressure 
structures at pressures ranging up to 15,000 atmos. The essential feature common to both schemes is to 
encase the sample in a small beryllium bomb which serves to retain the pressure but permits the x-rays to be 
transmitted to the sample and diffracted to an external recording film. Sample data on cerium are given to 
illustrate the possibilities and limitations of this technique. 


O UR knowledge of phase transformations at high 
pressures has been severely limited in the past 
by the lack of techniques for obtaining powder pictures 
of the various high pressure phases. This fact has been 
clearly demonstrated by Jacobs/ who has successfully 
obtained diffraction pictures up to 5()00 atmos. in 
helium gas. His results revealed discrepancies with the 
volume changes associated with various transitions as 
previously determined by Bridgman. Later, Bridgman* 
redetermined some of the values in question and sub¬ 
stantiated Jacobs’ results. The superiority of the x-ray 
technique in studying transitions is obvious when one 
considers the detailed atomistic information obtainable 
directly only in this way. However, even when struc¬ 
tures are too complicated to be readily unraveled from 
a powder picture, this technique has the advantage 
over straightforward dilatometry of permitting the in¬ 
vestigator to establish, for instance, whether all of a 
phase has transformed. For this reason, it appeared 
worth while to design a method which would enable us 
to obtain diffraction pictures at the highest pressures 
possible. Such an apparatus, already successfully used,* 
is described below. 

Jacobs’ design was rejected as a starting fioint from 
the very first, because it appeared impractical to try to 
pack helium at pressures above those used by Jacobs. 
Furthermore, in Jacobs’ apparatus the photographic 
film was exposed to the pressure—a delicate ojieration, 
since 24 hours were required to release the pressure 
without stripping the emulsion from the film. 

As an alternative procedure, the possibility was ex¬ 
plored of using a beryllium bomb and obtaining dif¬ 
fraction from samples with x-rays traversing the walls 
of the bomb. Two types of beryllium were examined: 
(a) fine grained, sintered beryllium and (b) large 
graiped, cast beryllium. The scattering from the sin¬ 
tered material gave a much higher background than 
that from the large grained material and it was found 
impossible to obtain any results using sintered bombs. 


* This work was supported in part by the ONR under Contract 
ori-6.20-XX. 

**hJbw with California Research Corporation, I#a Habra, 
California. 

B. ^oobs, Phys. Rev. 54, 325 (1938). 

*P. W.Bridgman, Rev. Mod. Phys. 18,1 {1946). 

* A. W. UWMn and T. Y. Tang, Phys. Rev. 76, 301,1949. 


With the large grained material one is able to obtain 
many of the low angle intense transmission lines, but 
no high angle back-reflection lines may be discerned. 
This difference with grain size may account for the 
failure of ('ohn^ to obtain satisfactory diffraction pic¬ 
tures in an earlier attempt to utilize this technique. 
Examples of pictures obtained in this way are shown 
in Fig. 1. The well-defined rings in these pictures are 
diffraction lines obtained from highly divided cerium 
dispersed in Duco cement. The splotchy regions are 
individual Laue sfX)ts from the variously oriented 
grains in the beryllium. By comparing pictures taken 
through the beryllium, with and without a sample, one 
may easily eliminate the spurious beryllium spots and 
can, in general, identify at least five lines arising from 
the sample. In many cases, depending on the extinction 
coefficient of the sample for the particular wave-length 
used, more lines may be observed in the range of higher 
angles. With simple lattices even this limited informa¬ 
tion is usually enough, coupled with indirect informa¬ 
tion such as the density, to permit a structure de¬ 
termination. 

Our preliminary experiments revealed that with cast 
beryllium several millimeters of beryllium in front of 
the specimen and at least a centimeter in back of the 
sample were tolerable. The grain size of the beryllium 
currently used in our laboratory is about 10 to 20 grains 
per cm*. 



Fio. 1. Powder patterns of cerium taken with high pressure 
camera depicted in Fig. 4 and Fig. 5. (a) Face-centered Ce sub¬ 
jected to 10,000 atmos., (b) Face-centered Ce subjected to 15,000 
atmos. Note the Ing change in volume, arising from the sudden 
collapse of the structure at about 12,500 atmos. 


* W. Cohn, Proc. Am. Phys. Soc. 63 (June, 1922). 
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Fig. 2. Early model of high pressure camera illustrating 
packing of beryllium bomb in a larger steel container. 


Havirig ascertained the feasibility of using several 
millimeters of beryllium, we next tackled the me¬ 
chanical design of the bomb. Two alternative tech¬ 
niques have been found satisfactory. The first tech¬ 
nique consists in supporting the beryllium bomb ex¬ 
ternally with a heavy steel container and packing the 



Fig. 3. Cross-sectional view of bomb shpwn in 
Fig. 2 (pinhole level). 

bomb in such a way that hydrostatic pressure may be 
transmitted to the sample from a high pressure reservoir 
of the usual sort. The details of this packing are shown 
in Fig. 2 and Fig. 3. A ‘^collar button*' of hardened 
steel is inserted into the beryllium bomb near the top 
where the bore is widened to accommodate it. Between 
the collar and the beryllium bomb a rubber ring is in¬ 
serted. The assembly is then screwed tightly down 
against a ledge in the reinforcing steel bomb by a plug 
under the beryllium bomb. This permits an initial com¬ 


pression of several hundred atmospheres to be applied 
to the rubber, thus packing the bomb assembly. This 
differential pressure appears to be sufficient in practice 
if SAE30 oil is used to apply the pressure. Although this 
oil is very viscous (if not frozen) at 10,000 atmos., the 
pressures should be very nearly hydrostatic within a 
few hours after the initial application of pressure owing 
to relaxation of the shearing stresses. In this way we 
have successfully maintained pressures up to 10,000 
atmospheres for periods of many days. The reason for 
using this rather unconventional type of packing rather 
than the standard unsupported area type is to avoid 
the pinching off of the beryllium bomb, which has a 
rather low tensile strength compared to tool steel. 

Using this assembly we have repeated Jacobs'^ work 
on the transformation in Agl and completely sub¬ 
stantiate his results within our error which is about 1 
percent. The technique, however, has several disad¬ 
vantages: firstly the thickness of the bomb requires 
rather long exfxisure times, and secondly, the diffi¬ 
culties encountered in pr(^>erly aligning the x-ray beam 
with this cumbersome design arc annoying and time- 
consuming. For these reasons it apfieared desirable to 
sacrifice the principal advantage of this design, namely, 
the i)ossibility of determining the pressure precisely, in 
the interests of simplicity and rapidity. 

This decision led to the design of a very simple port¬ 
able system, shown schematically in Fig. 4 and Fig. S. 
In this design the beryllium bomb is completely un¬ 
supported and the thickness has been reduced by a 



Fio. 4. Portable hi|^ pressure unit showing nirtius>loaidiihg 
device and inlnUturc beryllium bomb. The bomb nonnalhr it 
seated below the cylindrical boss on mcMnt h^ ddin by 
the spring. gg r 
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Tabxjc I. Lattice spacinn in face-centered cubic cerium* 
at 15,000 atmos. 


hkl 

2r 

2r-5 

d 

a 

111 

2.02d:0.03 cm 

1.96 cm 

2.75 dtO.OS cm 

4.76±0.09 cm 

200 

2.30±0.01 

2.24 

2.42 ±0.01 

4.84±0.02 

220 

3.23±0.01 

3.17 

1.71 ±0.005 

4.84±0,02 

311 

3.78:i;0.02 

3.72 

1.46 ±0.01 

4.85±0.03 

420 

S.14dr0.02 

5.08 

1.077±0.003 

4.82±0.02 



Average lattice constant a* 

4.84±0.ai 


* These spadngti were obtained using Mo/C^ radiation with a camera 
who$e diameter equals 7.57 cm. hid are the MUler indexes of the reflecting 
plane, r the radius of the diffraction ring, 5 the correction iequal to 0.06 
cm) for the thickness of the specimen as determined from similar patterns 
obtained at atmospheric pressure, d the calculated spacing, and a tiie catcu- 
lated lattice constant. 

factor of three. The outer diameter of the bomb, which 
is i in. long, is only J in. Unpacked pistons made of 
drill rod diameter are pushed into the bomb by 

spring loading. The sample is mounted in Duco cement 
which transmits the hydrostatic pressure. The whole 
device weighs only a few {)ounds and may be mounted 
easily on any standard commercial x-ray unit. This 
device has been used for hundreds of hours above 15,000 
atmos. without any failures owing to either leakage or 
fracture of the mechanical parts. The great advantage 
of this system is the fact that no expensive accessory 
equipment is necessary. The principal disadvantage is 
the uncertainty owing to friction in the pressure gen¬ 
erated by the spring. Our normal procedure is to cal¬ 
culate the pressure in the bomb from the deflection of 
the spring, knowing the cross section of the piston and 
the Hookers constant for the spring. In general, this 
procedure is not accurate to more than about 5 percent. 
This error may be reduced by a factor of two by plot¬ 
ting dead weight load versus piston displacement for 
increasing and decreasing load. 

The camera is a semicylindrical film holder made 
light-tight by a filter for the particular wave-length 
employed in obtaining a picture. In general, we have 
found MoKa radiation satisfactory. The exposure 
times, using 50 kv and 20 ma in a standard tube, then 
vary from one hour to about ten hours depending on 
the absorption of the sample for this radiation. The 
camera is mounted by means of clamps on the miniature 


press and is detachable to facilitate loading it with film. 

Owing to the thickness of the sample in,), an 
appreciable correction must be applied to the observed 
radii of the diffraction rings before calculating the 
lattice constant. A constant 5 is subtracted from all the 



Fig. 5. The semicylindrical film holder which is mountable on 
the portable press shown in Fig. 4. The wide slot holds the film; 
the narrow slot holds a filter for the radiation employed and serves 
to make the film holder light-tight. 

observed diameters 2r, as illustrated in Table I, The 
constant 5 may be determined in two different ways: 
firstly, it may be adjusted by trial and error until the 
lattice constant as computed from the Bragg relation 
is the same for all the observed rings, and secondly, it 
may be determined experimentally by comparing pic¬ 
tures taken through the beryllium bomb at atmospheric 
pressure with precision patterns obtained in the usual 
way. In our case, the agreement between the two values 
of 6 so obtained is quite satisfactory. 

To date, three systems have been studied at high 
pressures, namely, Agl, Cd, and Ce. The structures of 
the high pressure modifications of Ce and Agl have been 
successfully resolved. In the case of Cd no transforma¬ 
tion was discernible up to 10,000 atmos. However, the 
cadmium used by us was not particularly pure. 

The authors would like to express their appreciation 
to their colleagues Dr. David Las&arus and Mr. Sumner 
Mayburg for assistance in a number of the tests. 
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, Fast Neutron Detector 

W. G. MOUtTON AND C. W. Sherwin 
Physics Department^ University of Illinois^ Vrhana^ Illinois 
(Received June 27, 1949) 

A simple fast neutron detector suitable for health physics applications has been constructed using two 
931A photo-multiplier tubes in coincidence to reduce background. A "sandwich” made of Lucitc and 
activated zinc Bulhde is used to produce the scintillations. The efficiency of the instrument for fast neutrons 
from a Ra-Be source is 1.5±50 percentX 10~^ It detects a fast neutron flux of 20 neutrons/cm* sec. with a 
counting rate that is over ten times background. 


R ecent appreciation of fast neutron hazards^ 
makes a simple fast neutron detector desirable as 
a monitoring device. Photographic detection has been 
used, but has the disadvantage that the safe dosage 
may have been greatly exceeded before the film has been 
processed. A simple, reliable, and rugged instrument for 
counting fast neutrons has been constructed using 
931A photo-multiplier tubes, which allows continuous 
checks to be made on the neutron flux. 

Photo-multiplier tubes have been used for some time 
for the detection of alpha-, beta-, and gamma-radiation 
by placing a phosphorescent material in front of the 
window of a photo-multiplier tube.* Photo-multipliers 
can also be used to detect fast neutrons if a hydrogenous 
substance is placed in front of the phosphor so that the 
photo-multiplier will count scintillations produced by 
the recoil protons. However, the counter will have a 
low efficiency, resulting in a counting rate of the order 
of one count per hour for a fast neutron flux of one 
neutron/cm* sec. The pulses produced by this arrange¬ 
ment before amplification are quite high, above 0.3 
volt for a good photo-multiplier operated at 1000 volts. 
However, there are also spurious large pulses. Even 
with a discrimination level set to pass only pulses above 
0.3 volt produced by fairly energetic recoil protons, 
there are still enough large spurious pulses (never ob¬ 
served to be less than 50 counts/hr.) which cause a 
large background when weak neutron fluxes are being 
measured. Most of these spurious pulses come from the 


rCZl' 
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Fio. 1. Block diagram showing geometry and circuit 
' components of the fast neutron detector. 

^ Ihc tolerable fast neutron dosage has been given as 200 fasi 
ncutrons^m* sec. per eight-hour day. (T. C. Evans, Nucleonics 
(Ma^ 1949), also Argonne National Laboratory Manual “Radia 
tjon hwd control,” p. 3 (May 3,1949)). However, an instnimen; 
should be capable of accurately measuring a flux of this value 
* IL Sfierr, Rev. Sd. Inst. 18, 767 (1947); Marshal, Coltman 
and Beimett, Rev. Sd. Inst. 19, 744 (1948). 


photo-multiplier tube, and not from the phosphor, 
since removal of the phosphor reduces their number 
only slightly. 

Morton and Robinson have used two photo-multi¬ 
pliers in coincidence to reduce chance noise while count¬ 
ing particles.* The coincidence method was adopted 
here for detecting neutrons. 

Figure 1 shows the geometry and circuit components 
used. The ^‘sandwich’’ was prepared after the method 
of Sherr by spraying a small amount of shellac thinned 
with alcohol into the air and passing a sheet of Lucite 
A in.Xi in.X2 in. through the vapor. A small amount 
of activated ZnS powder^ was placed on the shellac 
film and the Lucite tapped until an even, transluscent 
layer was obtained. The Lucite was then passed through 
shellac vapor again, and another layer of Lucite of the 
same dimensions placed on top of the activated ZnS 
layer. The “sandwich^^ was then bound together at the 
edges. The photo-multipliers were placed as close 
together as possible with the “sandwich” between them. 

Figure 2 shows the circuit used. The 931A photo¬ 
multipliers were selected to give approximately the 
same pulse heights. The inequality of pulse heights can 
be reduced by operating the photo-multipliers at dif¬ 
ferent voltages. The circuit has a resolving time of the 
order of 50 microsec., and since there are a maximum 
of about six noise pulses per minute from one tube at 
the discriminator settings at which the circuit is used, 
the chance background rate is calculated to be one 
count in 280 hours. The actual background observed 
is approximately 1.5 counts/hr. The limiting factor in 
decreasing background probably is alpha-active con¬ 
tamination of the phosphor, since operating the counter 
14 hours without the “sandwich” in place yielded no 
coincidence counts. , 

Figure 3 shows the response of the instrument. The 
fast neutron flux of 30 neutrons/cm* sec. was obtained 
from a calibrated 25-mg source of Ra and Be. The 
gamma-flux of 150 mr/hr. was obtained from a cali¬ 
brated Ra source. It is noted that the effect of the 

• G. A. Morton and K. W. Robinson, Nucleonics (February 
1949). 

♦ The p|hoaphor used was No. 33Z-20A obtained from the Radio 
Corporation of America, RCA Victor Division, %rriton, New 
Jersey. 
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Fig, 3. Fast neutron sensitivity of the detector. The fast 
neutron flux is 30 neutrons/cm* sec., the gamma flux ISO 
mr/hr. 


gamma-radiation is almost completely removed by 
pulse height discrimination at the operating point. 
The discriminator circuit, not shown in Fig. 2, operates 
with the negative pulses coming from the plate of the 
6AS6. The efficiency of the counter for fast neutrons 
at — 25 volt discriminator bias is 1.5±50 percentX 10~\ 
since one observes a counting rate of 34 counts/hour 
with a neutron flux of 30 (neutrons/cm^ sec.). The 
effective useful area of the sandwich was taken as 2 
cm^ in making the efficiency calculation. 

The counter is constructed with all comi)onents, in¬ 
cluding the photo-multiplier tubes in a metal box for 
shielding. The output pulses can be fed into a circuit 
which will operate a mechanical counter. It is also 
possible to construct an alarm system which would be 
actuated when an eight-hour dose is exceeded. The 
efficiency might be greatly increased by using a large 
sandwich area and by using optical methods of focusing 
the scintillations on the photosensitive surfaces of the 
photo-multiplier. 
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Instrumental Distortions in tiie Stapes of C<mtinttou8 Beta*^pectra 


OEOROt^ E. Owen and C. Smaep Cook 
Department of Physics, Washington University* Si, Louis, hiissouri 
(Received August 1> 1949) 


The positron spectrum of Cu“ and the negatron spectrum of P“ have been studied in a 5.7-cnx radius of 
curvature magnetic spectrometer using a variety of vacuum chamber sizes and baffle designs. Conclusions 
are drawn from these data concerning the distortions in continuous beta-spectra caused by scattering from 
the finite geometry of the chamber. 


I. INTRODUCTION 

A NUMBER of possible sources of distortions in 
continuous beta-spectra have been indicated in a 
previous paper.^ 

The present cxf^eriments attempt to indicate those 
components of a beta-spectrometer which may or may 
not contribute distortions to such a spectrum. 

When designing a chamber for beta-spectra investi¬ 
gations, one frequently must decide quite arbitrarily 
what type of chamber dimension and baffle arrange¬ 
ment will give the optimum spectrum. Since electrons 
are known to be easily scattered by exposed surfaces, 
the chamber design problem is then reduced to one in 
which the desired focusing is coupled with the mini¬ 
mum scattering of particles into the exit slit. Fre¬ 
quently the distance between the pole faces of the 
magnet is limited and the elimination of scattering is 
accomplished by one or more baffles introduced into 
the vacuum chamber. 

The purpose of the present study is to investigate 
changes in the shape of a continuous spectrum as 
measured by a semicircular homogeneous field spec¬ 
trometer when the number and positions of the baffles 
and the chamber size relative to the beam are varied. 
The beam is defined by apertures of the proper size cut 
in the baffles which are of the customary type extending 
completely across the chamber. 

Studies of a somewhat similar nature have been made 
by Neary^ using a number of diaphragms protruding 
from the chamber wall and a single defining slit. 

n. EXPERIMENTAL DETAILS 

The present investigation has been conducted using 
a uniform field semicircular magnetic spectrometer 
having a S.7-cm radius of curvature. instrument 
used in reference 1 has been rebuilt in order to allow 
sufficient flexibility for the current experiments. The 
distance between the pole faces has been increased and 
a vacuum tank open at the top (magnet has horizontal 
field) has been fitted between them. The lid of the 
vacuum tank is removable and carries the complete 
cham^r geometry plus the flip coil, source air lock, 
counter, etc., The Lucite chamber geometry can be 


removed from the lid, thereby allowing complete flexi¬ 
bility in the choice of chambers. A cross section of the 
lid and chamber geometry is shown in Fig. 1, while 
Fig. 2 presents a photograph of the lid with Chamber 
#6 in place (the numbering of chambers will be ex¬ 
plained later). 

Five different chambers were constructed for the 
current experinjents. These chambers differed in the 
distance between face plates. The term face plate is 
defined as the plate parallel to the pole face and secured 
to the baffles. Figure 3 shows a cross-sectional view of 
the baffles for each of five chambers used. The aperture 
in the baffles is identical in each chamber in order to 
allow a beam of constant dimensions to be used through¬ 
out the experiment. 

Each chamber can be set up with five baffles at 30®, 
60®, 90®, 120®, and 150® from the source. These baffles 
are denoted as 1, 2, 3, 4, and 5, respectively. All Lucite 
surfaces in the spectrometer chamber were coated with 
Aquadag and grounded in order to render them con¬ 
ducting and prevent charge from developing within the 
spectrometer. 

The spectrometer in its present form using Chamber 
#6 with d/D (chamber height/beam height)« 5.9 and, 
using Baffles 1, 3, and 5, was utilized in the recent in¬ 
vestigations* of the radiations of 

An end-window type G-M counter was used as in¬ 
dicated in Fig. 1. The filling mixture consisted of four 
cm argon and three cm ethylene. The window was a 
zapon window having a lower energy cut-off of approxi¬ 
mately three kev. 

The source holder consists of an aluminum ring held 
in position by two aluminum prongs as indicated in 
Fig. 1. The source is inserted into the spectrometer 
through the indicated vacuum gate. The vacuum tech¬ 
niques used throughout are of the types described by 
Kuric.* 

Sources were mounted on zapon foils of approxi¬ 
mately 0.03 mg/cm* thickness which in turn were 
mounted on the aluminum ring. 

The solutions containing the radioactive material 
were deposited in a line on the zapon foils. Although by 
weight the average thickness was relatively small, in 


AsMsted by the joint program of the ONR and the AEC. 
‘ G. E. Owen and H. Primakoff, Pl^s. Rev. 74, 1406 (194fi 
* G. J. Neary, Proc. Roy. Soc. kl7b, 71 <1940). 


Rev. 75,1270 (1949). 

* N. D. Kurie, Rev. S^. Inst. 19, 455 (1948). 
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tha initkl experiments the deposit was not uniform. 
It suggested^ that small amounts of gelatin in the 
solution might reduce the mobility of the ions of the 
solid matter to such a point that a greater uniformity 
might be obtained. By adding gelatin to an amount 
which contributed approximately 0.01 mg/cm® to the 
sotirce, sources of much greater uniformity were 
obtained. 

m. RESULTS 

The types of study are the following: 

A. the spectra of Cu** as a function of the distance between 
face plates (three baffles), 


B. the ^>ectra of P** as a function of the distance between face 
plates (thm baffles), 

C. t^ spectra of P** as a function of the Z of the face plate 
and with the face plates adjacent to the beam (i.e., Chamber #1), 

D. the spectra of P** as a function of the number of baffles in a 

chamber of Type #2, f 

E. the spectra of P“ as a function of the type of a sdngle baffle 
and of the face plate separation (single baffle). 

A. 

The initial studies of the effects of varying the ratio 
ijD within a spectrometer were made using the posi¬ 
tron source Sources were prepared in the same 
manner as has been previously described.* All of the 


Fio. 1. Cross-sectional 
view of the vacuum cham¬ 
ber lid and the 180^ beta- 
ray spectrometer chamber 
UBM in the current experi¬ 
ments. Chamber geometry 
is that used with three 
baffles in place. Source is 
inserted through vacuum 
gate at r^;ht of vacuum 
chamber lid. End-window 
0-M counter is at left. 
Flip coil for measuring 
magnetic field inserted 
into lead block in center. 



A Calatidra, this department (private communication), 
fi:. % Cook and U M. Langer, Phys. Rev. 74, 227 (\m). 
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Fig. 2. Photograph of vacuum chamber lid and spectrometer 
chamber. Spectrometer Chamber #6 is in place. (For numbering 
of chambers see text) 


studies were performed using BaflSes 1, 3, and 5. The 
similarity in the spectra as seen in Fig. 4 using various 
ratios d/D seems to indicate that the scattering of 
beta-particles from the face plates of a spectrometer 
chamber arc essentially negligible. 

The average source thicknesses in the case of Cu** 
were in the range 0.02 to 0.06 mg/cm* as measured by 
weighing. However the sources did not deposit uni¬ 
formly. This fact quite possibly accounts for the single 
spectrum from Chamber #3 which deviates at a higher 
energy than the others. A somewhat thicker source can 
account for this distortion. 

Because of the relatively short half-life of Cu®^ 
(3.33 hr.), it was necessary to prepare a new source for 


CHAMBER •'I » %•* 
CHAMBER *21 

CHAMBERS'S, % *2.5 
CHAMBER*4i4t>-S.S 

CHAMBERS^ I 4^ *5.9 

Fxo. 3, Cross-sectional view of the baffles used in the various 
•pectrometcr chambers in the oirrent experiments. Ratio of 
chamber hei^t to beam height (d/D) and chamb^ number 
shown for each case. 
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each run. In order to make certain that differences in 
source thickness did not affect the results, the same ex¬ 
periment was again performed using the negatron 
emitter P®*, which because of its longer half-life would 
allow the same source to be used throughout a set of 
runs. 


B. 

The result of the chamber height study using is 
shown in Fig. 5. Again there is no marked difference 
between the largest chamber (#6) and smallest chamber 
(#1). There is however an almost negligible decrease of 
the deviation for the chambers whose d/D>\, which 
may or may not be real. 


C. 


This great similarity in the spectra led to a further 
study of face plate scattering. P*® was investigated in 



Chamber #1 (d/D*l) using face plates of different 
atomic number. Again Baffles 1, 3, and S were used. 
The results using face plates of AI, Cu, Sn, and Pb arc 
shown in Fig. 6. There seems to be no marked difference 
in the spectra resulting from the four runs. This fact 
adds further confirmation to Parts A and B. If there is 
scattering from the face plates which can appear at the 
exit-slit, then a change in Z of the face plates should 
emphasize this effect. 


D. 

The problem of minimizing scattering hy a ptoper 
arrangement of bifflies was invesd^tod next. lOm le- 
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Fig. 5. FK plots of P" using each of the Chambers# 1,# 3, and# 6. 

suits are presented in Fig. 7. Five runs were made; a 
single bailie in the 30°, 90°, and 150° positions; three 
baffles at 30°, 90°, and 150°, and five baffles at 30°, 
60°, 90°, 120°, and 150°. 

The spectra fall into two distinct groups; all of the 
single baffle spectra lie in a group which is markedly 
above the group defined by the multiple baffle spectra. 

Chamber # 2 was used in these experiments because 
it has a d/Z? ratio which is close to that used in most 
spectrometers. 

£. 

It has been pointed out that baffle thicknesses and 
aperture design might have some effect upon the spec¬ 
tra; therefore, a series of studies were made on the 
single baffles. A single baffle in the #5 position at 150° 
was varied in thickness, and the aperture edge was 
varied from a bevel of 70° to the beam to an edge 
tangent to the beam. Figure 8 shows these results. The 
single baffle of J-in. Lucite having a 70° bevel; the 
single baffle of i-in. aluminum having an edge tangent 
to the beam; and the single baffle of f-in. lead having a 
tangent edge fall on the same curve which is markedly 
abcwe that curve obtained using three baffles. It would 
ajmear therefore that the beveled edge and Lucite 
baffle do not account for the distortion. 

a single Lucite baffle whose aperture edge is 
to the beam was placed in Chamber #6 
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Kig, 6. FK plots of using Chamber# 1 and face plates 
of various atomic numbers as indicated. 

(d/D-5,9), In this instance the distortion was reduced 
roughly by a factor of two. 

IV. DISCUSSION 

A. Limitations of the Experiment 

These experiments have been done using rather high 
energy spectra (P®* has a maximum beta-energy of 1.71 
Mev, and Cu" of 1.21 Mev).^ It is quite possible that 
the effects of scattering would be more obvious with 
lower energy electrons. 

Also any distortion in the beta-spectrum caused by 
the geometry is assumed to show over and above that 
caused by source thickness. In the case of the single 
baffle it can be seen that the differences are quite ap¬ 
parent. With regard to source thickness deviations the 
higher energy spectra are quite advantageous smce 
possible deviations caused by source thickness occur 
over a small proportion of the spectrum. 

Although no particular emphasis has been placed 
here on the shape of the spectrum, the sources were 
thin enough that the curves from the multiple baffle 
spectra agree quite well with curves taken from very 
thin sources. 

B. Conclualoxis concerning Scattering 

In the following discussion grazing angle scattering 
is defined as scattering in which either the angle of 

» G T.Seaborg and L Perlman, Rev. Mod. Phya. 20,585 (1048). 
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incidence or the angle of reflection or both are large. 
If grazing angle scattering is important, the experi¬ 
ments involving a variation of the d/D ratio should 
show large effects. Since there is no obvious change 
introduced in the spectrum by bringing the face plates 
down on the beam, it would seem that the grazing angle 
scattering is negligible. This conclusion is further sup¬ 
ported by the ineffectiveness of a change of the atomic 
number of the face plate when that plate lies directly 
adjacent to the beam. However, the deviations intro¬ 
duced by the use of a single baflie indicate quite a large 
quantity of scattering of some type. Quite possibly this 
scattering is, as a result of the previous analysis, to a 
great extent large angle and multiple scattering. 

In the experiments involving single baffles it was 
found that a single baffle in any one of three different 
positions gave identical results. A very rodgh qualitative 
description might be given as follows of the single 
baffle chamber. The single baffle chamber could be 
pictured as a cavity filled with an isotropic distribution 
of electrons, m which the number of particles within a 
given energy interval is a decreasing function of energy. 
With this picture the density of radiation would be a 
function of the volume and the wall area. Thus when 
the chamber height is increased the radiation density 
should decrease since the volume increases more rapidly 


Fig. 8. FK plots of P** using chambers and baffle 
arrangements indicated. 

than the exposed surfaces. This is borne out in Part E 
of the results wherein Chamber #6 is used instead of 
Chamber # 2 thereby decreasing the distortion. 

C. Conclusions on SpectrometM' Design 

From these studies it appears that once a beam of 
beta-particles has been sharply defined in a magnetic 
spectrometer by several baffles, the scattering of par¬ 
ticles has been reduced to a minimum (in the region 
above 200 kev). The results also indicate that a single 
baffle does not sufficiently define this beam of electrons. 

In the same energy region (>200 kev) it seems that 
once the beam is detoed by several baffles the material 
of the spectrometer chamber contributes very little or 
no distortion to a spectrum. 

The inability of gnudng angle scattering to show any 
marked effects on the shape of the spectra seems to 
indicate that spectrometers of small chamber height can 
be utilized to a high degree of efficiency, provided a 
sufficient number of baffles are used. 

We are greatful to Professor H. Primakoff for many 
helpful discussions and comments. 
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A Simplified Emission Regulator for Mass-Spectrometer Ion Sources* 

£. B. Winn and Alfred O. Nier 
Department of Physics^ University of MinnesotOy Minneapolis^ Minnesota 
(Received July 1, 1949) 

A simplified electron emission regulator has been developed which operates by controlling the space 
current instead of the filament heater current. No vacuum tubes are used, but the performance is com¬ 
parable with that of electronic regulators now in use. 


A new type of electron emission regulator for 
mass-spectrometer ion sources has been developed 
which is considerably simpler and cheaper to construct 
than the electronic devices previously used.^ Regulation 
is achieved by controlling the electric field at the fila¬ 
ment by a control plate placed between the filament 
and the shield assembly, instead of by regulating the 
filament heater current. Electrically this is quite 
analogous to an ordinary triode vacuum tube operating 
with a positive grid. The voltage for the control plate 
is obtained by passing the emission current through a 
resistor and a 45-volt B battery connected in series, so 
that a change in emission causes a change in the con¬ 
trol plate voltage which tends to oppose the emission 
change. This is illustrated schematically in Fig. 1, in 
which Rt and Ri are the control resistors and Bx the 
biasing battery. The circuit adjusts itself so that the 
voltage between the filament and control plate is in 
the range 0 to 23 volts, depending upon the control 
resistance, for filament currents in the regulating range. 

A diagram of the ion source components concerned 
in the circuit is given in Fig. 2. The control plate and 
filament cage are of Nichrome V, 0.015 in, thick. The 
control plate is mounted 1,0 mm from the shield on 
glass spacers, the mounting screws being insulated from 
the control plate by glass sleeves and additional spacers. 
The electrostatic shielding provided by the filament 
cage is necessary to eliminate the sensitivity of the 
emission current to the high fields existing between the 
source structure and the metal walls of the tube. The 
filament is of tungsten ribbon, 0,001 in.X0.030 in., 
stamped in the form of a hairpin and mounted so that 
the tip is approximately 0.5 mm from the plane of the 
control plate. This arrangement was found necessary 
to get an appreciable part of the total emission across 
to the trap. Since the potential of the control plate is 
above that of the filament, the uniform emission from a 
flat filament goes almost entirely to the control plate. 
The emission density from a hairpin-shaped filament is, 
however, considerably greater at the point than else¬ 
where, so that when the point is placed close to the hole 
in the control plate, a large fraction of the emission 
current will pass through, while still being subjected 
to the controlling field. With no magnetic field to colli¬ 
mate the electron beam, it was found that only about 

by the Joint Program of the ONR and the A£C, 
Rev. Sd. Inst. 18, 39S <1W). 


2 percent of the total emission actually got across to 
the trap, about 80 percent going to the control plate 
and the remainder to the shield. For a source magnetic 
field of 250 gauss, the value used during most of the 
work, between 30 and 40 percent of the total emission 
was collected at the trap, most of the rest going to the 
control plate and serving only as the control current. 

Since the total electron voltage comprises not only 
that applied between the control plate and shield but 
that between the filament and control plate as well, it 
should be borne in mind that a change in the emission 
will cause a change in the electron energy. During any 
one run the emission remains practically constant, of 
course, so that normally this factor need not be con¬ 
sidered. For precise work, however, direct measure¬ 
ments of the voltage must be made to take into ac¬ 
count changes in filament surface condition with changes 
in gas pressure and line voltage. The extent of these 
variations is discussed below. 

With the range of control resistance indicated in the 
circuit diagram, 20,000 to 270,000 ohms, total emission 



Fig. 1. Circuit diagram for space-charge regulator. Ri —ISO- 
ohm 50-watt rheostat; Rj—ISfVohm SO-watt adjustable; R %— 
250,000-ohm wire-wound potentiometer; R4“'20,000-ohm pre- 
duon wire wound; Rh —SO,000-ohm wire-wound potentidmete; 
Bi, Bi, Bty B 4 *— 45-volt B batteries: Mi —meter, O-IO amp. a.c.; 
Mt —meter 0^1.5 mliliamp. d.c.; Mt —meter, 0-500 mteroamp. 
d.c,; Ti —filament transformer, seconda^: 2.5 volts, 10 amp., 
7500 r.in.s. volts inaulatipn; 5tFi“SPST toggle switdi; STFr- 
two position selector switdi, 2500 volts insul^oa. 
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Fig. 2. Electron accelerating system for ion source equipi>ed 
witJi space-charge control plate and hlament cage. For complolc 
diagram of a typical source see Fig. 2 of reference 1. 

currents in the range 0.17 to 1,10 ma were obtained. 
The total emission was found to be practically inde¬ 
pendent of the accelerating voltage applied between the 
control plate and shield, a change in the latter from 0 
to 90 volts, the maximiun used, causing the emission 
to change by 0.2 percent. 

The regulating range of the circuit, with the filament 
described above, begins at approximately 4.5 amp. 
filament current, and continues nearly flat up to about 
6.0 amp., at which current the filament life is only a 
few hours. Because of the inherently low gain the 
characteristic is not perfectly flat, an emission change 
of the order of one percent resulting from a four percent 
change in filament current. This difficulty was elim¬ 
inated by supplying the filament power through a Sola 
line regulating transformer. The resulting control was 
quite good, a five-volt line change at 115 volts resulting 
in a total emission change of 0.04 percent. 

The effect on the regulation of using holes of dif¬ 
ferent sizes in the control plate and shield was ex¬ 
amined. Holes ranging from 0.5 mm to 2.0 mm in 
diameter were tried in the control plate, and, at the 
same time, the distance between the tip of the filament 
and the plane of the control plate was varied. It was 
found that the best control was achieved when the 
ratio of control plate hole diameter to control plate- 
filament spacing was approximately 2. The best ratio 
of trap current to total emission with this particular 
filament was given by a control plate hole diameter of 
1.0 mm. The size of the hole m the shield had no effect 
on the regulation of the circuit. Shield hole diameters 
ranged from 0.34 to 2.0 mm, the former being chosen 
to determine whether this type of regulator would work 
satisfactorily with a gas-ti^t ion source. When the 
shield hole was equal to or larger than that in the con¬ 
trol plate, its size had no discernible effect on the emis¬ 
sion. However, when it was made smaller than the hole 
in the control plate, the trap current was restricted 
and the total emission current was affected somewhat 
by the electron voltage. For a control plate hole di¬ 
ameter of 1.0 mm and a shield hole diameter of 0.34 


mm, a 90-volt change in the voltage applied between 
the control plate and shield caused a two percent change 
in the emission. At constant electron voltage, the regu¬ 
lation remained unimpaired. 

The effect of a change in pressure in the ion source 
for a number of gases was investigated. Argon, helium, 
and nitrogen, which do not attack the hot filament, 
had no measurable effect on the emission in the pres¬ 
sure range 10~* to 10”* mm Hg. The presence of carbon 
dioxide exerted some influence on it, a tenfold change 
in pressure, from 10"* to 10"* mm Hg, causing the 
emission to fall by 0.5 percent. The effect of nearly 
pure oxygen was by far the worst, as one would expect, 
the same pressure change causing the total emission 
to drop about two percent. When the oxygen was 
pumped away, the emission did not recover immedi¬ 
ately but required about three minutes to drift back to 
within 0.5 percent of its initial value. 

The space-charge control regulator was compared 
with the electronic regulator already in use with this 
spectrometer, the control plate being attached to the 
shield for conventional operation of the source. Without 
the Sola transformer the effect of small line voltage 
changes was about the same for either circuit. The 
effect of gas pressure changes was somewhat more pro¬ 
nounced with the space-charge control regulator. A 
tenfold oxygen pressure change caused a 1.5 percent 
emission change with the electronic regulator, as com¬ 
pared with the two percent change found for the other. 
In spite of its lower gain, the space-charge control 
regulator is deemed acceptable as a substitute for the 
electronic regulator. In addition to its simplicity and 
ease of construction, all external circuit components 
bemg standard stock parts, it possesses the requisite 
stability for runs of long duration. During a three-hour 
test, using air at 2X10“* mm Hg, the maximum emis¬ 
sion current fluctuation was less than 0.5 percent. In 
another run in which carbon dioxide was introduced at 
a pressure of 7X10"* mm Hg, the ion current showed 
the same degree of stability. 

Although the batteries must be replaced occasionally, 
the elimination of an electronic power supply and the 
simplicity of the device are deemed adequate com¬ 
pensation for this slight inconvenience. An important 
feature resulting from the simplicity of the circuit is 
that the entire voltage drop to ground is across a simple 
filament transformer, which can be insulated for high 
voltage with no diflSculty. One of the drawbacks of the 
older emission regulators is the fact that the unbalanced 
distributed capacity to groxmd in the several trans¬ 
formers introduces an a.c. ripple into the voltagfe 
applied to the ions. This effect, which usually is mini¬ 
mized by placing a suitable condenser between the 
shield and ground, is virtually non-existent in the {wes- 
ent circuit. 
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Electromechanical Lead Networks for A.C. Servo Mechanisms 

Donau) McDonald 
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The characteristics of conventional a.c. lead networks for a.c. servo mechanisms are compared to the 
characteristics of d.c. lead networks. Electromechanical lead networks for a.c. servo mechanisms having 
superior characteristics to those of the conventional a.c. lead networks are described and analysed, A prac¬ 
tical design for one of these electromechanical lead networks and its application to a servo system is shown. 


E lectric lead networks are used quite extensively 
to improve the response of servo mechanisms. The 
theoretical justification of the use of lead networks to 
improve the response of servo mechanisms and the 
general characteristics of basic lead networks has been 
considered thoroughly in several servo mechanisms 
texts,^* In general, the notation used in this summary 
and in the following sections is that used in conven¬ 
tional servo mechanisms analysis. Such lead networks 
may operate on the error voltage, the input or output 
signal voltages separately, the feed-back voltage from 
an output tachometer, various internal loop voltages, 
and other signals. In many cases the input voltage to 
the lead network is a modulated, suppressed-carrier 
voltage, and it is necessary that the output voltage of 
the lead network also be a modulated, suppressed- 
carrier voltage of the same carrier frequency. Conse¬ 
quently, the basic d.c. lead network of Fig. 1, which is 
normally used where the output signal may be d.c. is 
not applicable by itself to these problems, and an a.c. 
lead network must be used. 

The conventional a.c. lead networks do not operate 
on their input signals so effectively as does the net¬ 
work of Fig. 1 in a d.c. servo mechanism. Electro¬ 
mechanical a.c. lead networks as effective as the net¬ 
work of Fig. 1 can be designed and will be described 
following a brief summary of the characteristics of the 
convention a.c, lead networks.* 

CONVENTIONAL A.C. LEAD NETWORKS 

When the input and output voltages of a lead net¬ 
work must be modulated, suppressed-carrier voltages, 
two general types of a.c, lead networks are normally 
used. In the first type, the signal is demodulated, then 
the demodulated signal is passed through a d.c. lead 
network, like the one of Fig. 1, and lastly, the carrier 
is remodulated with the output voltage of the d.c. lead 
network. This type of a.c. lead network was probably 

^ G. S. Brown and D. P. Campbell, “Principles of servo¬ 
mechanisms" (John Wiley and Sons, Inc., New York, 1948), 
p. 210. 

»Albert C. Hall, “The analysis and synthesis of linear servo- 
mechan^ims" (The Technologw Press, Massachusetts Institute 
of Technology, Cambridge, 1943), p. 122. 

* University of Michigan External Memorandum No, 25, "Im- 
provwents m the characteristics of a.c. lead networks for servo- 
mecMdsms.” This paper was also presented as a conference 
ft the AtE£ md^bter Conventbn of 1949. 


the first to be used. The conventional tuned RLC and 
parallel-T networks are representative of the second 
type of a.c. lead network.^ Regardless of the type of 
lead network, it may be stated that the essential char¬ 
acteristic of an a.c. lead network is that it produces a 
pronounced positive phase shift of the modulating 
envelof)e over specific portions of the modulating fre¬ 
quency band. As shown below, the two types of con¬ 
ventional a.c. lead networks do not meet these re¬ 
quirements so well as does the basic network of Fig. 1 
when operating on a d.c. voltage. 

The demodulator and modulator circuits of the first 
type of a.c. lead network produce noise. Filter circuits 
added to the demodulator and modulator tend to re¬ 
duce the magnitude of this noise. Unfortunately the 
reduction in noise by this method is accompanied by a 
time delay or an effective negative phase shift of the 
modulating envelope. Such a negative phase shift may 
be partially compensated for by an increase in the 
attenuation of the d.c. lead network. This increase in 
the attenuation will result in an increase of the over-all 
noise-to-signal ratio. Hence, in the first type of a.c. 
lead network, an engineering compromise must be 
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* Arthur H. Benner, “Phase lead for a.c. scrvomechaaiams," 
I App. Phys., 268-273 (1949). 



775 



m 


DONALD McDonald 



(24) 

Cl * j —eif Ci » (2-2) 

ct^Kiii (2-3) 

Kiei^l(J-i‘hJt)p^+fip2A, where p-djdt (2-4) 

t^^KxpA (2-5) 

/«/, (2-6) 

_ v \^PUIf) (2-7) 

ft'=/+A:,/CtK,^ i+/>C-^/(/+AiiCiiC,)] ^ ' 


(in general a primed variable denotes the envelope of the variable); 
let 


l±hE^ 2^r T^JIf ( 2 - 8 ) 


if 


r \+p{T/rY 


(2-9) 


ei»esinw«f sinz(;«/ 


( 2 - 10 ) 


r l+M(r/f) 


( 2 - 11 ) 


4>«n“sin 



(242) 



Fro. 3. 


Kxfit^[XJx^Jt)f^^ftp']A, where p^d/dt 
et ^K%pA 

<b **«*—«», 

/*/j 

V““ V ^ KxKxKt) ] 

^ \^p{J/f) 


(in general a primed variable denotes the envelope of the variable); 
let 



- 1 - T^JH 

(3-7) 


' i+prr 

(3-8) 



or 

i-fiw.rr' 1 i-fiw.r 

" f i-f/wafr/f)* 

(3-9) 

where 

rr-r 

(3-10) 



(3-11) 



(3-12) 


(3-1) 

(3-2) 

(3-3) 

(3-4) 

(3-5) 

(3-6) 





(2-13) 

(2-14) 


reached between (1) the amount of noise suppressed 
by filters m the demodulator and modulator and (2) the 
increase in noise-to-signal ratio resulting from the in¬ 
crease in attenuation required to offset the effect of the 
filters. These several factors cause this type of net¬ 
work to produce a smaller maxim.um positive phase 
shift than the d.c. lead network can produce by itself. 

The a.c. lead networks of the second type are quite 
sensitive to changes in the carrier frequency which can 
reduce the effective lead developed by these networks 
and can, in some cases, produce lag instead of lead. 
This effect is more noticeable at 400 c.p.s. than at 60 
c.p.s., because it is the absolute change un carrier fre¬ 
quency which affects the network, and, in general, 60 
c.p.s. sources are, and can be, better frequency-regu¬ 
lated on an absolute basis than 400 c.p.s. sources. 
Also, the maximum value of the lead time constant T 
of the second type of a.c. lead network is limited, and 
this limits the minimum value of Wm, the frequency 
at which the maximum positive phase shift of the 
modulating envelope occurs.^^ In some cases when the 
minimum value of Wm is too large, it is possible to m- 
crease the phase shift at lower frequencies by increasing 
attenuation. Unfortunately this increaie in attenua- 
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tion may increase the noise-to-signal ratio of the lead 
network sufficiently to offset any improvement derived 
from an mcrease in positive phase shift at lower fre¬ 
quencies. 

ELECTROMECHANICAL A.C. LEAD NETWORKS 

By rearrangement of the elements of the lead net¬ 
work and by the choice of demodulators and modula¬ 
tors with excellent noise-to-signal ratios, it is possible 
to design an a.c. lead network which has performance 
comparable to the d.c. lead network in a d.c. servo 



Gsaph 1. 


mechanism. Such a lead network is shown in Fig. 2, 
and, because it contains electromechanical components, 
shall be referred to as an electromechanical lead net¬ 
work.^ In the most general form, electromechanical 
lead networks are equally applicable for d.c. and a.c. 
operation, but in this article, only the a.c. form is dis- 
oused. (The network of Fig. 2 was described previously 
by the author in Electronics, November 1948. The 
meaning of the rearrangement of elements and the 
choice of the electromechanical components has been 
considered quite extensively in reference 3.) 

In the system of Fig. 2 the motor functions as a de¬ 
modulator, and the generator as a modulator. Both of 
these functions are approximate, with the limitations 
that w* and the motor-generator speed be small com¬ 
pand to qrnchronous. The analytical expressions of 
(3-U), (2-12), and (2-13) of Fig. 2 show that the char- 
aeleadstiics of this system are the same as for the con¬ 
ventional a.c. lead network.* By proper adjustment of 
Ikt, end Ki, it is possible to establish any value of 
itteniation r, and tte lead time constant f can be 



made as large as desired by the addition of inertia to 
the common motor-generator shaft. Unfortunately the 
minimum value of T is (/»+/*)//. and this value may 
be too high for some servo applications. 
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The form of the electromechanical network of Fig. 2 
will be referred to as a feed-back form because of the 
arrangement of the components in the circuit. Another 
arrangement of the components of Fig. 2 is shown in 
Fig. 3 and will be referred to as an electromechanical 
a.c. lead network of the parallel form. This parallel 
form of electromechanical network has characteristics 
similar to those of the feed-back form except that its 
lead time constant T is greater by a factor equal to the 
attenuation r. Consequently, in many cases the parallel 
form is not so useful as the feed-back form of electro¬ 
mechanical a.c, lead network. It is of interest to note 
that the amplifier Ki can be omitted in the parallel 
form. 

Figure 4 is a schematic of another electromechanical 
a.c. lead network. It is of the feed-back form but, as 
indicated by Eq. (4-12), does not have the phase and 
amplitude characteristics of the basic a.c. network. 
This network is a resonant lead controller.^ Graphs 1, 
2, and 3 show the phase and amplitude characteristics 
of this electromechanical system. 

Figure 5 shows the parallel form counterpart of the 
electromechanical a.c. lead network of Fig. 4. Its 
characteristics are similar to those of the feed-back 
form. 

Of the several types of electromechanical a.c. lead 
networks discussed, that of Fig. 4 appears to have the 
most desirable characteristics and also to be the simplest 
to manufacture. Figure 6 is a cut-away view of a pilot 
design of this electromechanical system. The main com¬ 
ponents of the ^tem are (1) an induction torque 


motor, (2) a combination induction pickoff and electric 
spring, (3) an eddy-current damper, and (4) inertia 
weights. The induction torque motor and the combina¬ 
tion induction pickoff and electric spring are made of 
simple, punched laminations and bobbin-wound coils 
and are called Microsyn elements.® 

The induction torque motor is excited by a fixed 
a.c. reference voltage and by the signal voltage. It de¬ 
velops a torque proportional to the signal voltage which 
is virtually independent of the angular displacement of 
its rotor. The coils of the combination induction pickoff 
and electric spring are so arranged that there is a sepa¬ 
rate circuit for both the pickoff and electric spring. 
The pickoff circuit is excited with a.c, voltage and the 
circuit *of the electric spring is excited with d.c. voltage. 
This combination then produces a signal voltage and a 
torque, both of which are proportional to the angular 
displacement of the rotor from neutral. By changing 
the d.c. excitation of the electric spring circuit, the 
torque gradient oJ the electric spring may be adjusted. 

The eddy-current damper is made up of an aluminum 
damping disk and a multi-pole, Alnico permanent mag¬ 
net with its poles parallel to the axis of rotation. This 
magnet is threaded axially into the housing; and there¬ 
fore it is possible to adjust the spacing between the 
magnet and damping disk, thus changing the damping 
coefficient /. 



• ifte AiicroByn elemenU were developed by the M. I. T. In¬ 
strumentation Laboratory and are more fully described In Ekc~ 
(McGraw-HUl Book Company, Inc,, 1948), pp. 
36^366, The combination of the induction (^ckofK and electnc 
^>ring into one Microsyn element was developed by Mr. K, C. 
Mathews of the Univeielty of Midhinui Aeronaotical fftwnwiirrh 
Center wWle he was a member of the Doelcam O^rporatkm, 
Newton, Massadiuictts. 
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Let 

Then 
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The total moment of inertia of the system may be 
changed by adjusting the position of the inertia 
weights. 

Thus as there are three continuously adjustable pa¬ 
rameters—the spring constant, the damping, and the 
moment of inertia—it is possible to adjust the two 
variables Wn and c independently. The attenuation 
factor can also be adjusted independently by chang¬ 
ing the pickoff sensitivity or the amplifier gain. 

As planned, and c are to be continuously adjust¬ 
able from 1 c.p.s. to 6 c.p.s. and 0.5 to 1, respectively. 
Over these ranges of network parameters, the maxi¬ 
mum power consumption of the torque motor should 
not exceed one-third of a watt. 

If the electromechanical system of Fig. 6 is used in 
the circuit of Fig. 7, its natural frequency Wn can be 
increased and its design can be simplified. In Fig. 7 the 
spring K, of Fig, 4 has been replaced by the amplifier 
i^ 4 . It can be shown that if is set equal to 1+A"i, 
Eq. (7-3) can be non-dimensionalized and will have the 
same form as Eq. (4-12) of Fig. 4. Hence the response 
of the circuit of Fig. 7 is the same as the response of the 
circuit of Fig. 4 and Eq. (4-12) and Graphs 1, 2, and 3 
apply for both circuits. 

Changes in carrier frequency which will not prevent 
proper operation of any electromechanical components 


Fig. 8. 



in the complete servo loop (such as motors and in¬ 
dicators) will not affect the operation of the electro¬ 
mechanical a.c. lead networks described. Graphs 1, 2, 
and 3 show that occurs near and, as noted 
above, Wn and hence w,m may be adjusted to cover the 
region of frequencies required for almost every type of 
servo mechanism problem. Also the maximqm value of 
phase shift tpgm may be made larger for the network of 
Fig. 4 than for a single lead network having the same 
attenuation or noise-to-signal ratio. 

An example of the application of the electromechani¬ 
cal lead network of Fig. 4 is shown in Fig. 8. Here a 
two-phase induction servo is being stabilized by the 
use of this electro mechanical a.c. lead network. As will 
be noted, the amplifier driving the servo motor is also 
used to drive the torque motor of the lead network. 
This is possible because of the very low power con¬ 
sumption of the torque motor. 

In closing, if the feed-back paths of Figs. 2 and 4 are 
connected regeneratively, instead of degeneratively, and 
the parallel paths of Figs. 3 and 5 are connected so as to 
add, instead of subtract, these systems will become lag 
or integral networks instead of lead networks, 
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A high power variable attenuator has been developed for use in 10-cm wave guide transmission lines. 

The attenuating material U a liquid which serves also to transfer the absorbed energy. The attenuator 
can handle power levels up to 100 watts, has a power standing wave ratio less than 1.1 to 1, and an attenua¬ 
tion which is variable from 1.5 db to 40 db. 

T his paper describes a high power attenuator de- breakdown potentials in gases, recently carried out at 
veloped to vary the main power flow in a 10-cm Westinghouse Research Laboratories. In these experi- 
wave guide. It was used in experiments on microwave ments it was necessary to vary the power level in a 










Fig. 1. High power liquid attenuator: 1. Lucite t)oat. 2. Spring- 
loaded drive mechanism. 3. Aluminum cross-bar supporting 
boat, 

wave guide transmission line without introducing large 
reflections. During the war years a number of satis¬ 
factory low power variable attenuators were de- 
velop^.‘ Such attenuators, however, cannot handle 
powers above about 1 watt, so that for higher power 
levels it has been customary to use power dividers 
which are highly reactive. The present attenuator, 
using a liquid both as the power absorbing material 
and as the means of heat transfer, can handle of the 
order of 100 watts of |x)wer with an attenuation variable 
from 1.5 to 40 db and a power standing wave ratio less 
than 1.1 to 1 at all settings. 

The attenuator design is shown in Fig. 1. The liquid 
flows through a tapered plastic boat forming an at¬ 
tenuating sheet iV in. thick parallel to the small wave 
guide dimension. The length of the boat is 16J in. 



Fio. 2. Details of attenuator design: 1. Lucite parts; Spacer 
strips shown with wavy outlines cemented in place, thep milled 
to correct outer shape, 2. Inlet construction. 3. Detail of inlet 
jomt: A. Aluminum housing, B. Neoprene gasket, C. aluminum 
cover, D. brass tubing, E. rubber tubing to heat exchanger. 


^C. G. Moni 


, Technique Mkrtmm Mwuremtnis 
lompany, Inc., New York, 1947) pp. 


vdiile the deptli varies from | in, at the inlet to If in. 
at the center. The losses in the Lucite container are 
negligible. Change in attenuation is accomplished by 
varying the distance between the attenuator boat 
the wave guide side wall. The base inlet and outlet 
tubes which support the boat are clamped on the out¬ 
side to a movable aluminum cross-bar. The drive 
mechanism consists of a cylindrical post sliding in a 
honed bearing and advanced by a spring-loaded mi¬ 
crometer head screw. Details of the construction and 
liquid seals are shown in Fig, 2, 

The choice of a cooling system for such an attenuator 
is a matter of taste. We used a dosed system with an 
air cooled radiator and a small centrifugal pump. A 
flow rate of 5 to 10 cc per sec. is desirable as is a flow 
switch to turn off the incident power when the liquid is 
not circulating. 

The liquid used in the attenuator is a mixture of 
ethylene glycol and water. Though any concentration 



Fig. 3. Attenuation w. insertion into wave guide for various 
liquid concentrations. The lower curve gives the power standing 
wave ratio as a function of position in the standard 10-cm RQ 
—4S/U wave guide (outer dimensions 1.5X3 inches, wall thick¬ 
ness 0.080 in.). 

ratio of these two liquids, induding 100 percent water, 
will result in an excellent attenuator, we used a mixture 
of 60 percent to 70 percent of ethylrae glycol in water. 
The choice was made empirically, baaed on the unusual 
attenuating properties of such mixtures as shown in 
Fig. 3; Varying concentrations of ethylene glycol in 
wato were used to fill the plastic boat, and both the 
attenuation and standing wave ratio measured as a 
function pf potion. As is seen from the figure, 
total attenuation passes through a for a Jb 

percent"*30 percent mixture, then falk 
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either undiluted ethylene glycol or plain water. Note 
that the total attenuation for the chosen concentration 
is almost twice that for water. The power standing wave 
ratiO) shown in the same figure, is a maximum for pure 
water and drops to a minimum for ethylene glycol. 
For the 70 percent-30 percent mixture the maximum 
standing wave ratio is 1.07 to 1. 

The curve for attenuation as a function of position 
cannot be considered an accurate calibration. The 
amount of attenuation varies considerably with liquid 
temperature; the direction of the shift as well as its 
magnitude depend on the attenuator position. 

An interesting property of the liquids used is that 
the temperature variation of attenuation for water is 
generally in the opposite direction from that for ethylene 
glycol. Thus for a particular setting of the attenuator 
it is possible to choose a concentration of the two 


liquids which will reduce the temperature coefficient to 
a very small value. This would obviously be desirable 
for a high power fixed attenuator or buffer. 

In the experiment for which the attenuator was de¬ 
veloped, we used auxiliary methods for accurate powei^' 
level measurement, and did not depend on an accurate 
calibration of the attenuator. In general, however, with 
the liquid reservoir maintained at room temj)erature 
the attenuator was very reliable and the readings were 
repetitive. For most measurements a flow rate of 6 cc 
per sec. was used. Thus for 40 watts input the average 
temperature rise in the attenuator itself was only 2®C. 
While 40 watts was our maximum available r-f power 
there is every indication that 100 watts could be readily 
handled. By increasing the rate of liquid flow or the 
size of the attenuator one could increase this power 
capacity considerably. 
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Presented here is the design of a high voltage square wave generator suitable for modulating the absorp¬ 
tion cell of a microwave spectrograph. Peak to peak voltages up to 1800 have been product at 100 kc, 
feeding into an 80(Wf capacitive load. The lower half of the cycle is kept automatically at ground potential 
and the adjustment of voltage from 0 to 1800 is controlled by a single variable. 


T he instrument to be described was developed in 
response to a demand for a source of high voltage 
square wave modulation to be applied to a microwave 
absorption cell as described by Hughes and Wilson.^ 
Specifiically, the instrument was required to supply 
a high (at least 1500V) amplitude square wave, auto¬ 
matically zero-based at all voltages, and amplitude- 
controlled with a single variable. 

Modulation of the absorption cell reduces simply to 
charging and discharging a condenser at intervals 
appropriate to produce a square wave of voltage, Con- 



* The research reported in this document was made posdhle 


through 


ort extended Harvard Univenity by the Navy De- 
atmeK luNR) under ONR Contract NSon-76, Taek Order V. 
♦♦ Now With jLm Aswxiatea, Inc., Cmbridp, MassaA^tta. 
: f and £. B. Wilson, Phyi. Rev. 71,562 (1947). 


ventional amplifiers are unsuitable for the generation 
of the high voltages desired, and a switching technique 
similar to that employed in radar systems was devised.* 
Inspection of Fig. 1 shows that alternately turning 
on Ti and Ta for short intervals will produce a square 
wave of voltage across the load condenser. Observe, 
however, that in charging the condenser, Ti is acting 
essentially as a cathode follower while Ta is simply a 
straight amplifier,* to use the term loosely. The result, 
with equal pulses on the switch tube grids, is an equi- 



• MJ.T. Radar School Staff, PristcipUs of Radar, pp 6-38,6-^., 

* Considerations of input admittance of the swit^ tube 
govern. See F. E. Terman. Rodm Enginmmg (McGraw^HItt Book 
Company, Inc., New York, 1947) pp. 309, &5. 
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Fig. 3. Block diagram square wave generator. 


libritim with the bottom of the square wave well above 
the zero base. Using triodc switch tubes, the limitations 
imposed by the requirements of automatic zero-basing 
and single dial control of amplitude eliminated, from a 
practical standpoint, the possibilities of (1) varying 
the amplitude and duration of the grid pulses so as to 
return the square wave to zero, or (2) floating the 
cathode of Ti below ground sufliciently to produce the 
desired results. 

Substitution of a tetrode for T* in Fig. 1 resulted in 
a significant improvement of the zero-seeking char¬ 
acteristic of the square wave. However, at low values 


of E^, the square wave base still drifted considerably 
above zero. This diflSculty was eliminated by (1) tying 
the screen grid of Ts to a fixed potential of 300 volts 
in order to sustain conduction by Tt at low square 
wave amplitudes, and (2) reducing the drive to the 
grid of Ti by reducing the screen potential on the driver 
tube for all values of £» less than 300 volts. Also, as 
£» was increased above 300 volts, a progressive drift 
of the square-wave base to a maximum of 20 volts was 
consider^ excessive. This drift resulted from the in¬ 
ability of r 2 to discharge the load condenser com¬ 
pletely, regardless of the amplitude of the drive pulse. 
The use of a tetrode for Tj, however, makes it possible 
to develop sufficient automatic (negative) bias for the 
cathode of 72 to give zero-basing within plus or minus 
0.5 volts at all square wave voltages (see Fig. 2). 

Figure 3 is a block diagram of the complete unit. 
Excepting the switch tube circuits, the design is con¬ 
ventional and none of the circuits is critical of adjust¬ 
ment. A crystal Oscillator is used as the frequency- 
stabilizing element, followed by a pentode amplifier 
tuned to the crystal frequency. The push-pull triodes 
following the amplifier generate the out-of-phase pulses 
for synchronization of the blocking oscillators.^ The 
precise triggering of the blocking oscillators, alternately 
every half-cycle, is essential to the stable timing of the 
rise and fall of the square wave, while the rapid re¬ 
sponse of the blocking oscillators to triggering is the 
key to obtaining sufficient drive for the switch tubes. 


rhWrWtON Unr7S*lA 



Fio, 4. ^uare wave genmtor. Condensers in ^f unless otherwise noted; resistors in k** 1000 ohms; power supplies are conventional. 
‘H. J. Reich, Theory and Ap^daUion of Vacmm Tubas (McGraw-Hill Book Con^y, Inc., New York, 1944), p. 395. 
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The sharp pulses out of the blocking oscillators are 
applied to the grids of the 829’s (normally cut off). The 
sudden conduction of the 829*8 produces a very large 
voltage across the secondaries of the coupling trans¬ 
formers which triggers the switch tubes. is the vari¬ 
able which controls the amplitude of the square wave. 
The complete circuit diagram is shown in Fig. 4. 

Design features which are important include a very 
low capacity (secondary winding to primary and 
ground) transformer for the filament of T i, and critical 
adjustment for optimum wave shape of Ci, Ct and 
in the switch tube grid circuits. The fixed and grid-leak 
components of the bias for Ti must be adjusted to yield 
optimum wave shape at both high and near-zero values 
of square wave voltage, and Rz must be adjusted for 
zero-basing. 

The transformer driving the VT 127*s is overloaded 
at high voltages. A conventional radar pulse trans¬ 
former was stripped, rewound, (18 turns No. 14 wire 
on primary and 42 turns No. 20 wire on secondary) 
and was found to perform satisfactorily. 

Results have justified the efforts in developing this 
instrument. R^ and Cj are adjusted, at maximum square 
wave voltage (1800 v), to limit the positive overshoot 
of the voltage rise to 20 volts and Ci is adjusted to 
limit the negative overshoot of the voltage fall to 20 
volts. With these damping conditions, the square wave 


rise and fall times are leas than 0.2 microseconds at all 
square wave voltages while the time of the overshoots 
are less than 0.2 microseconds at maximum square 
wave voltage so that the top and bottom of the wave 
are essentially flat. * 

Currently in use is one unit as shown in Fig. 4, 
yielding 1800 volts of square wave across a Stark guide 
of 800 ^/uf capacity. Also, two smaller units produce 
800 volts of square wave while meeting the original 
requirements. The smaller units use a single 811 in 
place of the parallel VT-127*s, one RK-715B instead 
of two, and a single 1500 volt power supply for both 
the 829*s and the switch tubes. Otherwise, circuits and 
construction are identical with the larger unit. 

The upper frequency limit of the generators, con¬ 
sistent with good wave shape, appears to be in the 
region of 500 kc, while those in use and for which the 
values are specified operate at 100 kc. For frequencies 
below 100 kc, it is proposed to use a 100-kc crystal 
oscillator as the control element, dividing by blocking 
oscillators to twice the square wave frequency, and 
using an Eccles-Jordan^ trigger circuit to obtain out-of¬ 
phase triggering of the blocking oscillators driving the 
829*s.« 


* See reference 4, p. 353. 

«In practice, type 3E29 tubes were used. 
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Photo-Tube Input Impedance for a Voltage Stabilizer 

E. N. Strait and W. W. Bttechner 

Laboratory for Nuclear Science and Engineeringt Massachusetts Institute of Technology^ Cambridge JP, Massachusetts 

(Received August 1, 1949) 

A circuit for stabilizing the voltage of an electrostatic generator is described. A photo-tube under con¬ 
stant illumination is used as an input impedance, eliminating the necessity for d.c. amplification of the 
error signal. This signal is impressed directly on the control grid of a 5693 pentode that is used to control 
corona-leakage current to the high voltage terminal of the generator. Convenience of operation and sim¬ 
plicity of construction are features of the circuit. 


D uring the course of some recent efforts to im¬ 
prove the circuit used to stabilize the voltage of 
the open-air electrostatic accelerator at the M. I. T. 
High Voltage Laboratory, it occurred to the authors 
that a photo-tube under constant illumination might 
serve as an advantageous substitute for an input re¬ 
sistor in the first stage, Such a circuit has been con¬ 
structed and has been in constant use for approxi¬ 
mately three months. It has proved to be reliable and 
convenient in operation and is of very simple con¬ 
struction. Since the employment of a photo-tube in this 
fashion is not common, but nevertheless presents the 
possibility of numerous uses, it seems appropiriate to 
give a brief description of its characteristics as applied 
to a voltage stabilker. 


Figure 1 is a schematic diagram of the circuit. The 
generator control features are similar to those described 
previously in the literature.* The positive-ion beam 
from the generator is deflected in the field of a large 
electromagnet and caused to pass between the jaws 
of a defining slit. Error signals set up by the beam cur¬ 
rent spilling onto the slit jaws are amplified and used 
to control a variable corona load facing the high voltage 
terminal of the generator. This control is accomplished 
by varying the potential of the control grid of a 5693 
pentode, the plate of which is connected directly to a 
set of insu lat^ corona needles facing the high voltage 

* R. M. Ashby and A. 0. Hanson, Rev. Sci. Inst. 13,128 (1942): 
A. O. Hanson, Rev. Sci. Inst. 15, 57 (1944): McKibben, Frisch, 
and Hush, AEC Tec hn ica l Information Division, Dwoment 
MDDC 222 (1946). 
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terminal Each of these needles IWotrudes through a 
hole in a grounded shield. Placing a negative bias on 
the 5693 increases the impedance of the tube, thus 
causing the needle points connected to its plate to be* 
come more positive with respect to ground. This re* 
duces the positive field in the neighborhood of the 
points; and, consequently, the corona current from the 
points is reduced. No additional high voltage power 
supply is required. The 5693 is similar in size and elec* 
trical ratings to the 6SJ7 but seems to be a more re* 
liable tube for this rather strenuous service. 

The novel feature of the circuit to be described here 
is the use of the photo-tube, which eliminates the neces¬ 
sity for a stage of d.c. amplification between the ion- 
beam slit jaws and the 5693 pentode. For simplicity of 
construction, only the signal from the lower jaw is used. 
Although this system is open to the objection that it 
may introduce voltage modulation with changes in 
ion-beam intensity, nevertheless, in practice this effect 
has been found to be negligible. The ion-beam intensity 
changes very little during continuous generator opera¬ 
tion, and, with a sharply focused beam falling upon the 
defining slit, small changes in beam intensity result in 
only minute shifts in the median position of the beam. 
Large changes in beam intensity, as from one generator 
run to another, require adjustment of the circuit for opti¬ 
mum results, as will be described below; but similar 
adjustments, for example, in the magnitude of the in¬ 
put resistors, are also required in the case of a push-pull 
circuit employing signals from both jaws of the slit. 



The advantages of the photo-tube impedance may be 
tabulated as follows: 

(1) . By operating the photo-tube in the region of 
cathode current saturation and with fixed illumination, 
the photo-tube may have a very high dynamic anode 
resistance. In the case of the 925 photo-tube, it may 
vary from 5X10* ohms at low levels of illumination to 
4X10^ ohms at moderate illumination. Figure 2 shows 
characteristic curves for a 925 tube in the region of 
interest to this discussion. This high resistance means 
that a change of a fraction of a microampere in the beam 
current falling on the lower slit jaw produces without 
further amplification a change of 10 volts or so in the 
potential of the control grid of the 5693. This is ade¬ 
quate to produce a change of 100 microamperes or more 
in plate current. The absence of an input stage of d.c. 
amplification eliminates the necessity of a separate 
power supply for this stage and simpUfies the circuit 
construction. 

(2) . Despite high dynamic resistance, the photo-tube 
has only a moderate d.c. resistance, as shown by the 
slope of the chord drawn from the origin to the operat¬ 
ing point (Fig. 2). Thus, the voltage drop across the 
tube is of the right magnitude to be readily bucked out 
by means of a 45-volt battery. Since the current 
that the battery is required to carry is only the micro¬ 
ampere or less in the ion beam spilling onto the lower 
slit jaw, the life of the battery is very close to its shelf 
life. 

(3) . Since the photo-tube normally operates in the 
region of fractions of a microampere up to a few micro¬ 
amperes, it is well suited to handling the currents en¬ 
countered at the slit jaws. Furthermore, by changing 
the level of illumination, the photo-tube can be caused to 
give the same voltage drop when passing widely dif¬ 
ferent currents. This adjustment can be made in a 
continuous fashion, in contrast to the usual situation 
with resistors in the range erf 10* to 10*® ohms. In prac¬ 
tice, this feature has been of great convenience, since 
it has reduced the operations needed to balance the 
circuit for various beam currents to one control, that 
of the current through the small lamp used to excite 
the photo-tube. 

TTie circuit operates in the following manner. With 
the plate of the 5693 grounded, the spacing of the 
corona needles from the generator terminal is adjusted 
so that about 200 microamperes are drawn from the 
points. This current is not critical, but the needle spac¬ 
ing may need to be changed if the generator is to be 
operat^ at widely different voltages. With the plate 
ungrounded, the 5693 then controls the current from 
the needles. If the generator voltage tends to rise above 
its operating value, the ion beam is deflected less by 
the magnet; consequently, more current strikes the 
lower slit jaw. This causes the control grid of the 5693 
to become less negative, and the tube therefore allows 
more current to pass from the needle points. TJ^ loads 
the generator and reduces the vdtage. The mpst de- 


Fxo. 2. 
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«irable operation is secured when, with about one^tenth 
of the total ion beam spilling on the lower slit jaw, the 
potential of the control grid of the 5693 is such as to 
allow about 100 microamperes to be drawn from the 
needle points. This may be accomplished for various 
ion-beam intensities by adjusting the illumination sup¬ 
plied by the 6-watt lamp, thus placing the operation 
on the appropriate branch of the photo-tube char¬ 
acteristic curves (Fig. 2). The 6-watt lamp is operated 
from a d.c. rather than an ax. line to avoid a 120-cycle 
modulation of the photo-tube. Since this lamp never 
requires more than 30 milliamperes, it would be quite 
feasible to feed both the lamp and the 5693 screen grid 
from a common rectified power supply. 

If the ion beam leaves the lower slit jaw altogether, 
the potential of the 5693 control grid becomes 45 volts 
negative to ground, which is more than enough to cut 
off the plate current. It is interesting to note that, 
although under these cut-off conditions the plate volt¬ 
age on the 5693 may rise to about 5000 volts, which is 


far in excess of its maximum rating of 300 volts, the 
tube nevertheless performs very satisfactorily. Occa¬ 
sional sparking across the tube base occurs, but this is 
rare and does not interfere with the stabilizing action;^ 
and, since the current in the spark is limited to the 
200 microamperes available from the corona points, 
the tube is not damaged. In any event, the plate-power 
dissipation is well within the 2.S-watt rating for this 
tube. A representative operation of the tube in this 
service is 100 microamperes at 25(X) volts on the plate, 
or 0.2S-watt dissipation. 

The photo-tube, exciting lamp, and 5693 control 
tube are mounted inside a light-tight electrostatic 
shield as close to the defining slit as is convenient in 
order to minimize the input capacitance and thus keep 
the time constant low and also to protect against the 
pick-up of stray signals. The requirement for the light¬ 
tight feature is obvious. 

This work has been supported by the Joint Program 
of the ONR and the AEC. 
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An Absolute Noise Thermometer for High Temperatures and High Pressures 

J. B. Garrison and A. W. Lawson 
Jnstituk for the Sttidy of Metals, University of Chicaj^o, Chicago, Illinois 
(Received July 12, 1949) 


A null device for determining ihc ratio of two absolute tempera¬ 
tures with an accuracy of 0,1 percent is described. This device 
balances the mean-st^uarc fluctuations in voltage across the 
terminals of two resistors arising from thermal agitation at the 
teii^>erature8 to l)e compared. The ratio of the resistances, when 
the noise voltages from the two resistors are equal, determines 
the ratio of their absolute temperatures. The limitation on the 
ultimate accuracy of the ratio of temperatures so determined is 
imposed by the relative value of the first and second moments of 
the voltage fluctuations observed, which in turn depends on the 
length of time udlizcd in averaging the fluctuations. With the 
apparatus described l>clow, on observation time of two minutes is 

INTRODUCTION 

INCE the pioneer investigation of Schottky, John¬ 
son, and Nyquist, our understanding of random 
noise in electrical circuits has been considerably en¬ 
hanced. The urgency of a war, which required the 
ultimate in instrumentation, gave an added impetus 
to these studies with a concomitant realization of the 
maximum usable sensitivity in a wide variety of ap¬ 
paratus. Despite the enormous amount of labor ex¬ 
pended on the reduction of noise, relatively few in¬ 
vestigators have utilized this unavoidable background 
as a basis for measuring an observable quantity. Hull 
has determined a value for the charge of the electron 
by observing the fluctuations in plate current of a 
teiiq;)emture-li^ vacuum tube, attaining a pre- 
xMam dl several percent and a surprising accuracy in 
understanding today. More recently, 


adequate to guarantee the accuracy claimed above for high tem¬ 
peratures, provided certain elementary precautions in construct¬ 
ing the noise thermometer are observed. Numerous tests have 
been conducted in the neighborhood of 1000°K which substantiate 
these claims. Extrapolation of the performance obtained at such 
temperatures indicates that material improvements in the ac¬ 
curacy of the absolute temperature scale above 2(XX)®K may be 
obtained. The calibration of the thermometer is independent of 
the chemical composition and past physical history of the material 
from which it is constructed, in addition to being independent of 
the absolute pressure. 


Dicke ti dlf have used the microwave noise spectrum 
in studies of the temperature of interstellar space and 
the absorption of the atmosphere. This line of investi¬ 
gation is now being pursued in a number of different 
laboratories throughout the world. Cognizant of Dickers 
investigations, Lawson and Long^ published two dis¬ 
cussions of tlie possibility of using thermal fluctuations 
in voltage across a resistor to measure very low tem¬ 
peratures. These discussions have been subjected to 
criticism by Gerjuoy and Forrester* and also by Brown 
and MacDonald.* Aside from specific warranted criti¬ 
cisms on matters not fundamental to the issue, these 

> Dicke, Beiinger, Kyhl, and Vane, Phys. Rev, 70, 340 (1946). 

•A. W. Lawson and E. A. Long, Phys. Rev. 70, 220 (1946); 
Phys. Rev. 70, 977 (1946). » v 

• E. Gerjuoy and A. T. Forrester, Phys. Rev. 71, 375 (1947). 

M: B. Brown and 0, K. C, MacDonald, Phys. Rev, 70, 976 
(1946)* 
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Fig. 1. Enlarged view of thermometer illustrating 
method of construction. 


criticisms reduced in the main to a question of the 
practicability of determining temperature from noise 
measurements.* The device described below is an out¬ 
growth of an attempt to ascertain the practicability of 
such measurements by a direct appeal to experiment. 
Although the original discussions of Lawson and Long 
pertained primarily to the determination of tempera¬ 
tures below 1 °K, the device to be described appears to 
be even more useful and practical at very high tempera¬ 
tures where no satisfactory primary standards exist. 
This paper will deal principally with this phase of the 
problem where preliminary tests have been carried out 
at the present time. 

To understand the operation of a noise thermometer, 
it is convenient to recall the Nyquist formula for the 
mean-square fluctuations in voltage arising from thermal 
agitation in a passive network, namely, 

t^«4ifeJ?e(Z)rA/. (1) 

In principle, if one knows Boltzmann’s constant k, 
Re{Z), the real part of the complex impedance of the 
network, and the magnitude of the mean-square fluctua¬ 
tions over a range of frequencies A/, one has determined 
7, the absolute temperature of the resistor. Needless to 
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Fig. 2. Schematic circuit diagram of noise thermometer. 


* In the meantime, Cook, Greenmn, and Wutrier (Phys. Rev. 
74, 1714 (1948)) have conduded that the tise of thermaf noise 
from quarts crystals to meas^ low temperatures is impractical. 


say, such an approach is somewhat naive if k precision 
of 0.1 percent is desired, for in practice one must amplify 
the fluctuations and detect them. In this case even if 
one knows the characteristics of the amplifier and de¬ 
tector with a precision of 0.1 percent, one is still faced 
with the problem of their variations with time arising 
from changes in tube characteristics. If, however, one 
uses the same amplifier and detector to observe the 
noise generated by two independent circuits Zi{f) and 
Ztif) which are different temperatures Ti and 7®, and 
adjusts one of the impedances so that both circuits 
generate equal rectified noise voltages, then (assuming 
a noiseless amplifier). 



•'o 

J Uif)ReCZx(f)yf 


( 2 ) 


If, furthermore, the R^Z'\ is independent of / where- 
ever H(J), a function determined by the characteristics 
of the amplifier and detector, is appreciable, then 




and thus a comparison of the noise from two resistances 
may, in principle, provide the ratio of two absolute 
temperatures, i.e., an absolute temperature scale. In 
the device described below, the comparison of two noise 
voltages is made in such a way that Eq. (3) reduces 
simply to 

Ti/T.^Rt/Rx. (4) 

Actually, to insure that Eq. (4) is, in fact, valid to a 
sufficiently high degree of accuracy, it is necessary, for 
reasons discussed below, to adjust the corresponding 
input capacities C, and Ct so that RiCi’^RxCt- 
In addition to the determination of the ratio of two 
absolute temperatures by the direct comparison of the 
noise from two independent resistors, one may also 
determine this ratio by another type of comparison, 
namely, by comparing the noise from iZ, and Rt in. 
parallel to the noise from Rt alone. A balance can be 
achieved only when Ti is greater than 2Tt. In this case 
the balance condition is given by 

r,-[2+(/?,//?,)]r, r,<r,/2. (s) 

Because various types of errors enter in a different way 
into the two methods of comparison, these alternative 
balance schemes provide quasi-independent measures 
of the absolute temperatures of the hot resistance and 
consequently provide a stringent internal check on tire 
accuracy of the instrument described below. 

CKnXBU FOR ABSOLUTS THBRMOMBTRY 

In order to insure an accuracy of 0.1 percent in noise 
thermometry the following criteria must be satisfied. 
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A* Passivity of Thermometer 

Element 

The derivation of Nyquist's law is predicated on the 
assumption that the circuit is passive. This requires 
that no current be flowing through the resistor used as 
the thermometer element from an external power 
source and that, in addition, no spurious e.m.f. is 
generated in the element. This requirement is par¬ 
ticularly important, even in metallic resistors, if ther¬ 


mionic emission is appreciable. For this reason one 
must avoid errors arising from the following sources: 

L Thermoelectric effects .—^Junctions of dissimilar ma¬ 
terials (even metals and insulators) should be avoidecT 
in the construction of the thermometer. In practice, 
any d.c. voltage at the terminals of the thermometer 
should be less than a few microvolts, a requirement 
not difficult to satisfy. 

2. Grid current .—The need to amplify the fluctua¬ 
tions may give rise to two sources of error. Firstly, grid 






Fig. 3. Input switching circuit. 

Paru list: (All resistances in ohms and capacities In microfarads) 


Ki 


2K 

w. w. 

Cl 

0.1 

400 V paper 

R2 


1.SK 

IK . 

C2 

80 

450 V elect. 

R$ 


50JC 

w, w. 

C3 

40 

450 V elect. 

R4 


100 


C4 

25 

25 V elect. 

RS 


2.2K 

1 w 

CS 

0.0008 


R6 


500 

1 w 

C6 

0.2 

400 V paper 

R7 


25X 

w. w. 

C7 

0.3 

200 V paper 

RB 


lOJC Pot. 

w. w. 

C8 

0.00002 


R9 


100 Pot. 

w. w. 

C9 

0.00004 


RiO 


500 


CIO 

0.00006 


R»i 


30JC 

i w 

Cll 

0.000075 






C12 

0.0001 


Vi 


6AC/6 


C13 

1 

1000 V paper 







(Low leakage) 

V2 


dJ'o 





V$ 


<UJC5 


LI 

2.S mh 

r-f choke 





L2 

0.08 mh 

r-f choke 


SWl 


DPDT 


Rotary, low capacity, laolantite 


SW2 


DP 10 Pt, 


Rotary, tvro gana 



sws 


3 PDT 


Rotary, low capacity. IsolantHe 


SWA 


DPDT 


Rotary, low capacity, isolanttte 


BCl 


Brown converter 


Standard 



BC2 


Brown converter 


AdJuated to open circuit 







during tcanalt time 































ft r/i y/i // // Vi </ Vi ft 


nil ri I r 

e 7 I I 4 S ft • 






Fic. 4. Preamplifier (see Fin. ^ parts list). 


current fluctuations in the first amplifier tube may 
generate voltage fluctuations across the thermometer or 
the balance resistor. Since these two resistors must, in 
general, be unequal, a spurious unbalance signal will 
be generated. For the fractional error introduced (as¬ 
suming wire wound resistors), one finds 

7.V7r»=W2*r), (6) 

where is the shot noise generated in the resistor R 
by the grid current 7, and is the thermal noise 
generated at temperature T. For a resistor of 6000 
ohms at room temperature, the error introduced is less 
than 0.03 percent provided the grid current is less than 
10“* amp. 

However, the existence of grid current ^Qphes other 
sources of error at higher frequencies, since the dynamic 
grid resistance of an amplifier tube is, in general, 
smaller than the static grid resistance. The principal 
contribution to the dynamic grid conductance, other 
than the dielectric losses which can usually be made 
small, is the electronic loading of the grid owing to finite 
transit times. Thus, the grid resistance of a standard 
tube may be only 10* ohms at 3X10® cycles/sec. Ac¬ 
cordingly, since the electronic loading varies as the 
square of the frequency, the grid resistance at 100 kc 
would be approximately 10* ohms. However, this re¬ 


sistance, which is in parallel with the thermometer 
element, has an effective noise temperature corre¬ 
sponding to two-thirds that of the cathode, so that the 
error from this source is the order of 0.02 percent, if 
the balance resistor is 10* ohms. This error is further 
reduced by the null method of making observations, by 
the use of miniature tubes, and by use of a cathode 
follower connection. 

It is worthy of note that the considerations of this 
section limit the useful frequency spectrum of our 
thermometer to below 10* cycles/sec. and the magni¬ 
tude of the hot resistor to a few thousand ohms, since 
in most tubes it is difficult to reduce the sum of the 
absolute magnitudes of the electron and positive ion 
grid currents below 10“* amp. 

3. Feedback .—The existence of feedback may con¬ 
tribute errors for two reasons. In general, it will make 
both the gain and the noise of the amplifier depend on 
the input impedance. (The noise of the amplifier, for this 
discussion, is defined as that noise observed when tb^ 
input impedance is at 0°K.) It is, therefore, advisable 
to operate the first stage of ampliation as a high ga-in 
cathode follower in order to minimise the faadhafV in 
the first tube. Under these conditions the princiiMU 
source of feedback is the grid to cathode ca|)adty in 
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this stage, which, if smaller thaji a few ixid^ meets the 
required conditions. 

In view of the possibility of eflFecting a comparison 
of temperatures in two alternate ways (see above) in 
which the ratio of the impedance being compared is 
appreciably different, one is able to conduct an experi¬ 
mental test to ascertain that feedback is not a source 
of inaccuracy. 

4, Pick-up .—A somewhat more troublesome source 
of error than feedback is pick-up. To avoid errors from 
the usual type of 60~ inductively coupled signals, the 
ampliffer should be designed to pass only signals above 
about 10 kc. In addition, if high power induction fur¬ 
naces in the vicinity are producing 60^ modulated 
high frequency signals, it is necessary to operate the 
thermometer in a shielded room, if the switch used to 
compare the two resistors is also to be operated at 60^. 
The most annoying limitation imposed by pick-up is 
the difficulty in using a temperature bath heated from 
an a.c. supply, 

5, Thermionic emission .—At very high temperatures, 
where thermionic emission plays an important role, 
precautions must also be taken to prevent electrons 
emitted from a hot section of the clement from con¬ 
densing on a cooler section. In other words, the ther¬ 
mometer must be operated under ‘^blackbody*^ condi¬ 
tions in order to avoid additional fluctuations being in¬ 
troduced by thermionic and photo-electrons. 


For this reason it is desirable to surround the ther¬ 
mometer element as nearly as possible with a grounded 
shield constructed of similar material, which is at the 
same temperature as the bath. ^ 

B. Fluctuations in Noise 

The accuracy attainable in noise measurements is 
fundamentally limited by statistics. If a white si>ec- 
trum of noise is passed through a narrow band filter, 
the resulting noise may be roughly described as a sine 
wave of frequency equal to the center frequency of the 
filter, amplitude modulated by low frequency com¬ 
ponents whose maximum frequency is of the order of 
magnitude of one-half the pass band of the filter. Thus, 
if we average over a time long compared with A/"^ 
Rice has shown that 

(7) 

where / is the time of observation and A/ the band 
width of the filter. If, for instance, as in our case, 
A/—4X10* cycles/sec. and /=100 sec., the resulting 
precision, which is given by (/A/)"'*, will be of the order 
of 0.05 percent. This will also be the precision of the 
temperature measurement if the noise from the ther¬ 
mometer is large compared to the background noise in 
the amplifier. In principle, the precision may be in¬ 
creased indefinitely by increasing the time of observa¬ 
tion. In general, however, a consideration of systematic 



Parts list: (All resiaUnces in ohms and capacities In microfarads) 


jct 

50iC 

w. w. 
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errors leads to the conclusion that such an increase in / 
is unwarranted in most cases. , 

C. Distributed Capacity in Input Circuit 

In practice a certain amount of parallel distributed 
capacity is always associated with both the balance 
resistor and the thermometer element. Consequently, 
Eq. (4) yields the same result as Eq. (3) within 0.1 
percent only if: (a) the time constants of the two im¬ 
pedances under comparison are nearly equal, i.e., jRiCi 
«l? 2 Cs, or (b) the high frequency cut-off coo of the 
amplifier (assumed infinitely sharp) is sufficiently low 
so that tan”*WDi?C-a)oi2C within 0.1 percent. The^ 


latter requirement is equivalent to woiiC^O.OSS. Thus, 
if the cut-off of the amplifier is 10* cycles/sec. and the 
input capacity is 25 /i^^f, the largest aUowable balance 
resistor is only 3500 ohms. Thus, the latter requirement 
is very stringent on at least one of the design variables 
Wo, R, and C. Accordingly, to achieve 0.1 percent ac¬ 
curacy in general, it is desirable to alleviate the re¬ 
striction on the magnitude of the input capacities by 
satisfying condition (a) approximately. This may be 
accomplished in practice by adjusting a variable ca¬ 
pacity in parallel with either the thermometer element 
or the comparison resistor until the noise in a narrow 
band at a high frequency is the same in the two 



Fio. 6. Low frequency amplifier and balance detector. 
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Fio, 7. 465-kc amplifier and balance detector. 


Parte liet: (All reeistantes in ohms and capacities in microfarads) 
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input circuits, as observed by an auxiliary amplifier. 
In general, if such an adjustment is made with a pre¬ 
cision of a few percent, the restrictions imposed on the 
magnitude of the input capacity by a sharp cut-off 
amplifier with a band width less than 10' cycles/sec. 
are not serious. If an accuracy of one percent is accept¬ 
able, the auxiliary adjustment of time constants is 
unnecessary. 

D. Lead Corrections 

Since the lead-in wires to the thermometer element 
are not at a uniform temperature in general, it is appro¬ 
priate to inquire concerning the error so introduced. 
If we take the worst possible situation and assume that 
the leads are all at temperature Tt when the ther¬ 
mometer is hot but that the resistance of the leads Rl 
is that which they have when at temperature Ti of the 
thermometer /fi, then the error in Ti/Ti is 


/r,’ 


( 8 ) 


Accordingly, the resistance of the leads should be less 
than 0.1 ohm. 

E. High Frequency Resistance of Thermometer 

The resistance of the thermometer element should 
be independent of frequency. For metallic resistances 
the primary variation of resistance with frequency 
arises from the skin effect. For this reason, the element 
should be made of sufficiently small wire to make this 
source of error negligible. 

Furthermore, the wire should not be supported by 
ceramic materials such as AltOi which have a frequency 
dependent leakage at high temperatures. 

F. Cross-Talk 

In addition to errors arising from distributed ca¬ 
pacity to ground across the input resistances, another 
source of error arises from distributed capacity in the 
switch used to effect the comparison of the two noiK 
sources. Thus, because of finite values of the capacities 
in the switch the noise power observed in either position 














f92 J. B. GARRISON AND A. W. LAWSON 


of the switch is not determined solely by the resistance 
, to which the switch is connected but partially by noise 
coupled through the switch from the other resistor. To 
avoid this error, a large capacity may be switched 
S3aichronously across the circuit not being measured. 

G. Non-Linearity in the Amplifier 

If the two noise spectrums to be compared are 
identical, non-linearities in the amplifier giving rise to 
cross modulation are not a source of error. The two 
spectrums may be made identical by adjusting the time 
constants of the two input circuits to be the same in 
the manner described above. 

THE THERMOMETER ELEMENT 

The foregoing criteria dictate that the thermometer 
element have a resistance of no more than a few thou¬ 
sand ohms, a minimal parallel capacity, and leads 
whose resistance is less than a fraction of an ohm. 
Appreciable insulation leakage must occur only at 
places where the temperature is the same as that of 
the thermometer element and, furthermore, such con¬ 
ductance in parallel with the thermometer element 
must be the same at high frequencies as at low. 

Such a* thermometer is shown in Fig. 1. The ther¬ 
mometer element itself is made from 0.0001-in. platinum 
Wollaston wire, welded to heavy platinum leads 0.050 
in. in diameter. To facilitate the welding, short sections 
of 0.010-in. platinum wire are wound around the heavy 
leads near their ends, as illustrated in Fig. 2. A small 
torch is used to melt a bead on the end of the heavy 
lead which fuses over the lighter wire, forming a good 
weld. A similar operation is performed on the light wire 
which has been wound with desilvered Wollaston wire. 



rim# fit MOMdi 


Fig. 8. Schematic diagram of switching order for 
converters# 1, 2, and 3. 

The thermometer element is shielded completely by 
a 0.002-in, thick cylindrical platinum sheet supported 
by a quartz sheaUi. The leads are spaced from the 
platinum shield by short lengths of quartz tubing at the 
cold end, where leakage is negligible, and by a thin 
fused quartz disk near enough to the element so that 
its temperature is always the same as tlutt of the 


element. To avoid electrical short circuits arising from 
sagging of the heavy leads at elevated temperatures, 
the thermometer is normally operated in a vertical 
position. 

Because of the nature of its construction, this ther¬ 
mometer cannot be used above about 1400®C. It 
possesses the advantage of being operable in an air 
atmosphere, however, a factor which dictated this 
particular design. For operation at higher tempera¬ 
tures, a thermometer is now being constructed from 
tungsten. This thermometer is sufficiently rigid so that 
no insulating supports are required. However, it will of 
necessity be used only in furnaces with a neutral 
atmosphere. 

THE BASIC CIRCUIT 

The block diagram of Fig. 2 shows schematically the 
arrangement used to balance the noise voltages from 
two different resistors, and Figs, 3-7 show the circuits 
actually used. A Brown converter’^* is used to connect 
alternately each resistor to the input of an amplifier 
with a gain of the order of 10®. When the noise level is 
of the order of several volts, it is rectified by a diode 
and the resulting direct current is used to charge a 
condenser with a time constant of the order of ten sec. 
Two such condensers are used, a Brown converter (#2) 
alternately charging one with the rectified noise output 
from resistance jRo and then charging the other with the 
rectified noise output of If these condensers were 
isolated, one condenser would acquire an average 
voltage corresponding to the values J?o, Tq while the 
other would acquire a different voltage in general 
characteristic of the values F,, A third Brown 
converter (#3) is utilized to exhibit the difference be¬ 
tween these average voltages on an oscillograph, and 
the null signal is obtained by adjusting the value of the 
variable resistor ifo* 

As explained above, it is desirable to adjust RtCta 
This adjustment is made by performing two 
independent noise balances in different frequency ranges. 
For this purpose, two separate channels are necessary 
as indicated in Fig. 2. One channel with a pass band 
from 10 kc to 50 kc is used to produce a noise balance 
which is almost independent of the input capacity. The 
other channel has a band width of approximately 20 
kc centered at 465 kc and requires an adjustment of 
the variable condenser Co to achieve a rough balance. 
The final over-all balance of the system is then made 
by a second small adjustment of Ra. 

During the instant when switching occurs, ilo and 
jRc are in parallel and a spurious s^pial occurs. This 
spurious signal is eliminated by adjusting the second 
Broi#n converter feeding the filters so that it is open 
circuited during the switching period of the first Brown 
converter. The switching schedule and resultant signals 
are shown in Fig. 8. The principal limitation on the 

** A Brown converto* is a vibrating reed switch which operatei 
^chronoosiy from a a.c. power supply. It is by 
Brown Instmxient Coxt^my. 
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Fio. 9- Furnace for comparing calibrated thermocouple 
and noise thermometer. 

use of such a mechanical switching device for the com¬ 
parison of noise voltages is the variation of the contact 
potential in the switch. If the noise voltage is of the 
order of microvolts and must be delected with a pre¬ 
cision of 0.1 percent, the variation in contact potential 
must be less than 10^* volt. This criterion is satisfied 
by Brown converters at least for an appreciable fraction 
of their life which is said to be many years. 

The switching cycle serves several essential functions 
in addition to affording a rapid mechanism for com¬ 
parison of noise voltages from two different sources. 
Most important is the fact that it provides a scheme for 
subtracting out the additional noise generated con¬ 
tinuously by the amplifier itself. If this were not the 
case, Eq. (2) etc,, would not be applicable in such 
simple form. Secondly, the scheme eliminates the 
effects of all long term variations in gain in the amplifier 
and detector. Finally, it should be noted that this 
scheme makes the final balance essentially independent 
of variations of contact time in the converters. 

The preamplifier (Fig. 4) consists of 4 stages, RC 
coupled. The first tube is a 6^176 connected as a 
cathode follower for reasons mentioned above. This 
tube satisfies the requirements on grid current and in 
addition is neither particularly noisy itself nor subject 
to parasitic oscillation. The preamplifier is isolated in a 
sefNuate well-shielded box and shock mounted in a 
Imtge box which contains, in addition to the first five 
converters, the variable resisUnce Ro and capacity Co. 
Wjie wound resistors are used exclusively. The output 
cd the pjreamplifier is also a cathode follower to re- 
4^ the two channels which it drives. 


Both amplifiers are of conventional design. All stages 
are operated from battery power, carefully filtered. The 
low frequency channel is limited in band width by two 
devices. The amplifier in this channel has a fiat re^^ 
sponse (within three db) from about ten kc to 50 kc. 
The high frequency cut-off is sharply defined by two 
stages of the type of RC filtering described by Thiessen.* 
This filter cuts the response down 60 db at 100 kc. 
Frequencies below ten kc are considerably attenuated 
by choosing the interstage coupling condensers to be 
somewhat smaller than usual. This precaution avoids 
spurious errors from 60~ pick-up and extra noise 
arising from flicker effects in the tubes. The over-all 
design is such that the amplifier noise corresponds to 
Johnson noise from about a 1000-ohm resistor at 300®K 
in the grid circuit of the first stage of the preamplifier. 



Fig. 10. Comparison l>etween calibrated thermocouple 
and noise thermometer. 


Detection of the noise is accomplished by the half¬ 
wave rectifier shown in Fig. 6. The output of the recti¬ 
fier is fed to the filter-condensers through a cathode 
follower in order to avoid peak detection which would 
reduce tlie precision of the average. In principle, one 
can use the d.c. voltages on long time-constant ^ter- 
condensers directly to achieve a balance. However, if 
the filter-condensers tend to polarize, annoying time 
lags are introduced to the measuring technique. For 
this reason, the circuit of Fig. 6 is used to keep the 
p)olarization in the condensers negligible at all times. 
The two output condensers C? and C 7 have time con¬ 
stants of about J sec. so that there is little tendency for 
these to polarize. The long time constant for the filter 
is then derived by use of Cg which takes the difference 
in voltage between C7 and C7' at all times and hence, 
in general, operates at a much lower voltage than either 
C7 or C7'. The tubes Kg and Vz are used to deliver this 
difference in voltage to an oscillograph and to cancel 
out the fluctuations on Cg with respect to ground. 

To evaluate the ratio of the temperatures of the 
resistors whose noise is under comparison, it is neces¬ 
sary to determine the ratio of their resistances. In 


• O, J. Hiiessen, J. Acems. Soc. Am. 16, 275 (1945). 
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Table I. Comparison of noise temperature and 
thermocouple temperature. 


Temperature in 
obeerved by 
thermocouple 

Temperature in 
®K obterved 
by normal 
noise balance 

Temperature in 
"K observed 
by alternative 
noise balance 

l>eviatton 

in 

1340 

1342 


+2 

1299 


1300 

+ 1 

1201 

1203 


+2 

iisi 

1181 


0 

1156 


1155 

-1 

1147 

1147 


0 

1140 

1139 


“1 

1079 

1080 


+ 1 

1071 


1071 

0 

991 


995 

Av. deviation 

+4 

-f-0.8 


order to simplify this measurement, the following cir¬ 
cuit is used. Vibrator #4 shown in Fig, 3 switches be¬ 
tween the two resistors 180° out of phase with vibrator 
#1, so that when one resistor is connected to the noise 
amplifier, the other is connected to the resistance bridge. 
The resistance being measured and the bridge form a 
potential divider which alternately provides charge 
for one of two condensers. When each of the two con¬ 
densers are charged to the same potential the two re¬ 
sistors are in the same ratio as the two arms of the 
bridge. If one arm of the bridge is set at a value nu¬ 
merically equal to the temperature of the balance re¬ 
sistor i?o, the setting of the other arm at balance equals 
the unknown temperature, T, The balance of the bridge 
is easUy detected by using another vibrator to compare 
the potentials of the two condensers. The bridge voltage 
is kept below 0.01 volt to avoid heating the sensitive 
Wollaston wire element appreciably. 

HIGH TEMPERATURE TESTS ON THERMOMETER 

To check the operation of the thermometer, com¬ 
parisons were made with a Pt-Pt 10 percent Rh ther¬ 
mocouple calibrated at the melting points of NaCl and 
Au by Dr. Julian Goldsmith of the Department of 
Geology. The calibration was made by observing the 
melting point of a gold wire in a furnace whose tem¬ 
perature was controlled to within =fcJ°C. The thermo¬ 
couple was then compared to the noise thermometer 
by placmg them in juxtaposition in a 22-lb. iron block 
heated by a wire wound, well-insulated furnace, as 
shown schematically in Fig. 9. Owing to the lack of an 
adequate d.c. power supply, the block ^as initially 
heat^ to a high temperature using ax. power. The 
power was then cut off, and measurements were made 
of the temperature of the block as it slowly cooled. 
The cooling rate varied from 2°C to 1°C per minute. 
The noise thermometer was approximately balanced 
and allowed to drift through a balance point. In¬ 
terpolation in time was xised to determine the thermo- 
coujde c.mi. and the ratio of the hot resistance to the 
cold resistance at balance. This rather cumbersome 
tedmique was necessary to avoid pick-up from the 
power line. 


The data thus obtained during a typical run are 
shown in Fig. 10. All the comparison points obtained in 
three runs on two successive ^ys are shown in Table I. 

It is apparent that the agreement between the two 
measurements is well within the experimental error and 
substantiates the accuracy claimed for noise thermom¬ 
etry, The authors believe that even better agreement 
would be obtained by making the comparison statically 
rather than dynamically, 

TESTS AT HIGH PRESSURES 

In order to confirm experimentally the theoretical 
prediction that noise thermometry should be inde¬ 
pendent of the ambient pressure, the temperature of a 
bomb in equilibrium with the room was measured with 
and without a pressure of 10,000 bars. The resistor 
inside the bomb was a 300-ohm coil of manganin wire 
of the type normally used as a pressure gauge. The 
pressure was transmitted to the coH by normal hexane 
and suflScient tinie was allowed for temperature equi¬ 
librium to be re-established before and after the applica¬ 
tion of pressure. No detectable change in the ratio of 
the high pressure resistor to the balance resistor was 
detected in this range of pressure. 

SUMMARY 

In conclusion, we would like to summarize the ad¬ 
vantages of the noise thermometer described above. 

(1) The accuracy and the precision of the thermometer is 
about 0.1 percent on an absolute scale above lOO^K. 

(2) The thermometer is independent of the material from which 
it is made or its previous thermal and mechanical treatment, 

(3) The thermometer is independent of the absolute pressure. 

The principal disadvantages of the thermometer are: 

(1) The time required to obtain a precision of 0.1 percent. 

(2) The difficulty in shielding the thermometer from extraneous 
pick-up. 

(3) The limitations imposed on the input capadty, requiring 
the input stage to be reasonably close to the thermometer element. 

While these disadvantages limit enormously the im¬ 
mediate use of the thermometer as a practical industrial 
tool, these limitations are considerably reduced if an 
accuracy of 1 percent is adequate. 

Despite the disadvantages, noise thermometry ap¬ 
pears capable of competing with any other laboratory 
absolute temperature scales at high temperatures and 
pressures. Its use to provide improved high temperature 
standards should be seriously considered by all those 
concerned with such problems. 
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An Apparatus for Measurement of Extremely High Internal Friction* 
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A simple torsion apparatus has been developed for measurement of extremely high internal friction by 
determining the angle by which strain lags behind the stress in forced cyclic vibration. The results of 
measurement were compared with torsion pendulum measurements using free decay method. The highest 
internal friction measured with this apparatus was 0.55. This apparatus can be us^ to measure internal 
friction at a constant given stress amplitude and at a constant frequency of vibration. The stress amplitude 
and frequency of vibration can easily be varied over a wide range. There is no theoretical limit to the lowest 
frequency of vibration that can be used with this apparatus. The feature that measurements can be made 
while the aero point is changing renders this apparatus very useful in the study of internal friction of freshly 
cold-worked metals. 


INTRODUCTION stress can be varied through a wide range; (3) the 


I 'he term internal friction means the capacity of a 
solid to dissipate its vibrational energy even 
though it is completely isolated from its surroundings. 
The conventional procedures of measuring internal 
friction at low stress level are (1) the free decay 
method, (2) the resonance method, and (3) the energy 
dissipation method. The correlation between these 
methods and their limitations has recently been dis¬ 
cussed by Zener. ^ 

In the past the magnitude of internal friction re¬ 
ported in the literature has been smaller than 0.1 
when expressed by l/ir times the logarithmic decrement. 
In the measurement of internal friction of cold-worked 
aluminum under small stress, however, it has lately 
been found that the internal friction under appropriate 
conditions can be as high as 0.2.® Under these conditions 
the conventional methods of measurement mentioned 
above are no longer adequate either because the under¬ 
lying concept is then ambiguous or because of the ex¬ 
perimental difficulty of exciting the specimens to 
vibration. 

If we consider that internal friction is a manifestation 
of strain lagging behind the applied stress, then the 
angle of phase lag a can be regarded as a measure of 
the internal friction. The internal friction can be con¬ 
veniently reported as tana. When the method of forced 
vibration is used, and the angle by which strain lags 
behind the stress directly measured, then the term 
internal friction is defined throughout the whole range 
from asero to infinity. 

The purpose of this paper is to report a preliminary 
effort in developing an apparatus along this direction 
for measuring very high internal friction. The apparatus 
developed is to satisfy the following requirements: (1) 
measurements can be made at sufficiently low stress 
amplitude; (2) the frequency of the applied periodic 

♦ Thk development has been supported in part by ONR (Con¬ 
tract No. NdorWO-IV, NR 019 302). 

J C. Zener, Elasticity and AndasHcUy of Metals (University of 
C^dmgo Press, Chicago, 1948) pp. 60-63. 

S, IC6, ‘Taternal friction of coW-worked metals at various 
Comm, to J. of Metals, A.IJ1.E. 


apparatus is simple and easy to manipulate. 

DESCRIPTION OF APPARATUS 

A. *‘Stram Galvanometer” and 
“Stress Galvanometer” 

The torsional method was chosen in the present de¬ 
velopment because it is much simpler experimentally 
than other methods when the strain to be measured or 
the stress applied is very small. The measurements of 
strain and of stress were made by two separate moving 
coil galvanometers. 

In the strain or specimen galvanometer, the speci¬ 
men, in wire form, constitutes the suspension of the 
galvanometer. Since experiments are conducted only at 
a low stress level, the current passing through the gal¬ 
vanometer coil is a measure of the shear stress acting 
on the wire specimen, the deflection of the galvanometer 
is a measure of the shear strain. The detailed descrip¬ 
tion of such a galvanometer including the furnace 
surrounding the specimen has been previously given 
(Fig. 1).» 

The current passing through the coil of this strain 
galvanometer was measured by another moving coil 
galvanometer with an 0.02-inch piano wire as its sus¬ 
pension. The internal friction of this suspension is 
very low and the phase lag in this “stress galvanometer” 
negligibly small. The deflection of this galvanometer is 
thus a measure of the applied shear stress. 

The phase angle between stress and strain was 
measured by observing the deflections of the strain 
and the stress galvanometer on the same scale, 

B. The Periodic Applied Stress 

The driving potential was generated with a circular 
potentiometer linearly woimd around its entire cir¬ 
cumference with a constant potential maintained across 
opposite points Ci and Cj of the winding as shown in 
Fig. 2. The sliding contact P of the potentiometer was 
driven by a geared-down motor. The period used in 

^ T. S. Kd, Phys. R^y. 71, S33 (1947). 
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Fig. 1. The strain or specimen galvanometer (after K4). 

Ulis experiment was 19,9 seconds. Bi and Bi are two 
identical storage batteries. Small variation in voltage 
was compensated by adjusting the variable resistances 
Ri and Rs- 

The wave form of the periodic voltage generated by 
this arrangement is shown in Fig, 3 as recot'ded by an 
l^terline-Angus graphic recording railliammeter. It is 
of saw*tooth form and each branch of th^ saw-tooth 
is linear. 


C. Meuttrement of tiie I%a«e Lag 

The saw-tooth periodic voltage described above was 
applied across the strain and stress galvanometers 
which are connected in parallel with each other. Since 
the inductance included in the circuit has negligibly 
small effect when the frequency of oscillation is so small, 
the currents passing through the moving coils of both 
galvanometers have the same phase and saw-toothed 
wave form. Accordingly the speed of the deflection 
of both galvanometers along the scale is essentially 
uniform. 

There are several passible methods of determining 
the phase atngle between the strain and the stress. The 
most direct method is to measure the time lag of the 
two deflections on the scale. With a period of vibration 
of twenty seconds, a time lag of one second would 
correspond to an internal friction of tanl8®«sr0.32S. 
Since it is difficult to measure time shorter than one 
second without lising elaborate apparatus, the method 
of direct measurement of time lag is adequate only for 
very high internal friction or very long periods of 
vibration. 

Another possible method is to measure the distance 
lag of the two deflections. The amplitude of vibration 
of the deflection on a scale three meters away from the 
galvanometers was 4 cm. For a wire specimen of 0.03 
inch diameter and 1 foot length, this corresponds to a 
maximum shearing strain on the surface of the speci¬ 
men of about 10“^ In order to measure the distance lag 
with a reasonable accuracy, the minimum distance to 
be measiu^d is 2 mm. A distance lag of 2 mm would 
correspond to an internal friction of tan4,5®“ 0.0787 
which is still too high. The situation is even worse 
since the measurement of distance lag involves the 
difficult effort of observing the positions of two lines 
simultaneously when one of them is passing the zero 
mark of the scale. 



Fio. 2. The drcuUr potentiometer for generating periodic 
^>pUed strcH. 

In the method finally adopted, the line image (which 
is a brij^t line) representing strain was set vertical 
while that representing stress was set at 45” to Ihe 
horizontal as riiowa in Fig. 4. A fiducial line WM iaariBed 
on the scale for occuioiuU cbedn trf the ^^lin 0 .^^^^ 
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direction of motion of both the stress and strain lines 
is parallel to the horizontal scale. A small vertical scale 
was attached on the zero line of the horizontal scale. 
The speed of the stress line on the horizontal scale for 
a given stress amplitude (which can be varied by ad- 



Fig. 3. The saw-tooth wave form of the periodic voltage gener¬ 
ated by the circular potentiometer shown in Fig. 2. 


justing Ri in Fig, 2) was previously determined when 
the stress line was set vertical. After the stress line was 
subsequently set at 45°, this measured speed is also the 
sp>eed of the stress line along the vertical scale. 

Measurements were made with this arrangement as 
follows. With the periodic stress applied, the strain 
line was made to vibrate symmetrically about the zero 
line of the horizontal scale. This is accomplished by 
shifting the position of the horizontal scale. Readings 
are then made on the vertical scale of the position of 
the intersection of the stress and strain lines as it passes 
the zero line of the horizontal scale. One-half the dif¬ 
ference between the readings for motion in one direc¬ 
tion and motion in the opposite direction, is the mean 
distance between stress and strain deflections at the 
position of zero strain. With the known speed of the 
stress line on the scale, the time separation between 
the stress and strain lines is found, and thus the phase 
difference between stress and strain. 

The position of the intersection of the stress and 
strain lines as it passes the zero line of the horizontal 
scale can be read with a fair degree of accuracy. With 
the optical system and the period of vibration used, 
the r^ing error causes an uncertainty in the value of 
internal friction of =b0.005 under good conditions. 

COMPARISON WITH TORSION PENDULUM 
MEASUREMENTS 

In order to test whether the internal friction meas¬ 
ured by the phase difference method described above 
gives the true value, we can compare the results with 
those determined by a torsion pendulum by the free 
decay method. The latter method has been known to 
be very accurate for measuring internal friction having 
values lower than 0.1. 

A* i&Etemal Frictiozi Peak Associated With Qrain 
BouRdaiy Relaxation in High Purity Aluminum 

friction of 99.991 percent aluminum 
the phase difference method is shown 


in Fig. 5. The specimen was annealed at 450X for two 
hours after it was cold-drawn to 95 percent reduction 
in area. The internal friction curve measured previously 
on an identical aluminum specimen with a torsion 
pendulum* is shown also in the figure for comparison. 
It is seen that the general shapes of the two curves are 
similar except that the curve determined by the phase 
difference method, which is at a lower frequency of 
vibration, was shifted to a lower temperature. From 
this relative shift of the internal friction maximum and 
the known ratio of the frequencies of vibration, the 
heat of activation associated with grain boundary re¬ 
laxation in aluminum can be calculated according to 
the procedures previously outlined.^ This gives a value 
of 37,000 calories per mole which is within 10 percent 
of the value previously determined.* 

It is to be noticed that the higher temperature 
branch of the internal friction curve determined by 
the phase difference method has a higher value than 
the corresponding portion of the internal friction curve 
determined by a torsion pendulum. This appears to 
be caused by the amplitude effect since the aluminum 
specimen is very sensitive to stress amplitude at high 
temperatures. In torsion pendulum measurements, 
the stress amplitude was always reduced as we go to 
high temperatures so that the internal friction was 
always independent of stress amplitude. On the other 
hand, the stress amplitude used in the phase difference 
method was always kept at 4 cm as mentioned above. 
This stress amplitude is apparently large enough to 
cause amplitude effects at high temperatures. 

B. Internal Friction Peak Associated With the 
Stress-Induced Interstitial Diffusion of 
Oxygen Atoms in Tantalum 

The internal friction curve of a tantalum specimen 
containing oxygen was determined by the phase dif- 



Fig, 4. Method for the measurement of the phase lag. The 
strain line image was set vertical while the stress line ima|se was 
set at 45® to the horizontal scale. The direction of both line unages 
is parallel to the horizontal scale during vibration. 

ference method and is shown in Fig. 6 with the previ¬ 
ously reported edrve by torsion pendulum.* It is seen 
that in this case the lower and higher temperature 
branches of the internal friction peak are quite sym¬ 
metrical. This corroborates the statement made in the 

< T. S. KS, Phys. Rev. 72, 41 (1947). 

»T. S. K4,14iys. Rev. 74,9 (1948). 
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Fig. 5. Internal friction peak associated with grain boundary 
relaxation in high purity aluminum determined by phase lag 
measurement and by torsion pendulum measurement. 


last section that the higher value of grain boundary 
internal friction observed for the high temperature 
branch was caused by amplitude effect. It is known 
that for the tantalum problem the amplitude effect is 
very small over a very large range of stress amplitude. 
The heat of activation determined from the relative 
shift of the two curves shown in Fig. 6 is 29,000 calories 
per mole. This is identical with the previously reported 
value.® 

The reason that one curve has a higher peak than the 
other curve is because of the characteristic feature of 
this problem that the relaxation strength is larger at a 
lower temperature.® 

SOMS MEASUltEMBNTS OF EXTREMELY 
HIGH INTERNAL FRICTION 

We have mentioned above that the internal friction 
of cold-worked, high purity aluminum under appro¬ 
priate conditions can be as high as 0.2. In order to 
observe as high an internal friction as possible, a 99.991 
percent aluminum specimen was heated fairly rapidly 
(the specimen temperature reached 250°C in about an 
hourj after it was subjected to cold-work of 95 percent 
reduction in area. The internal friction was measured 
while the temperature was going up. Figure 7 shows 
the value of internal friction at various annealing tem¬ 
peratures. It is seen that the highest internal friction 
observed is 0.55. Such a high value cannot be measured 
by other methods. The decrease of internal friction above 
275®C indicates that the specimen has recrystallized at 
this temperature. 

This example illustrates a great advantage of the 
method used in measuring the phase lag. While the 
cold-worked specimen is heating up, the specimen 
continues to recover from the twisting it was sub¬ 
jected during cold-drawing. This results in a constant 
shift of the zero point of the strain line. During the 
measurement, however, the horizontal scale can be 


«T. S. KS, Phy«. Rev. 74, 16 (1948). 



Fig. 6. Internal friction peak associated with the stress-induced 
interstitial diffusion of oxygen atoms in tantalum determined by 
phase lag measurement and by torsion pendulum measurement. 

shifted properly so that the strain line is always kept 
vibrating symmetrically about the zero line on the scale. 
Another way of correcting for the zero point shift is to 
take a series of consecutive readings and determining 
the mean value. 

Figure 8 shows the decrease of internal friction of 
cold-worked 99.991 percent aluminum when annealed 
for various periods at 245°C. It is another illustration 
of the measurement of extremely high internal friction 
which cannot be done by other methods. 

CONCLUDING REMARKS 

We have described an apparatus for the measure¬ 
ment of extremely high internal friction. The highest 
internal friction measured with this apparatus was 
0.55. This apparatus is simple and direct. It can be 
used to measure internal friction at a constant given 
stress amplitude and a constant frequency of vibration. 
The stress amplitude and frequency of vibration can 
easily be varied over a wide range. There is no theo¬ 
retical limit to the lowest frequency of vibration that 



Fig. 7. luteraal friction of cold-worked, high purity akmluuin 
at various auueaUng temperittu^ 
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can be used with this apparatus. The feature that the 
measurement can* be made while the zero point is 
changing renders this apparatus very useful in the study 
of the internal friction of freshly cold-worked metals. 

It is needless to say that the apparatus described is 
oversimplified. Many improvements to this apparatus 
suggest themselves. The optical method for reading 
phase difference can be refined by the use of pho¬ 
tography, or more elaborately by the use of an oscillo¬ 
scope or a recording oscillograph. This will extend the 
lower limit of internal friction that can be measured by 
this method. Another refinement is to use a sinusoidal 
applied stress. In using a saw-tooth wave form, an in¬ 
trinsic error is involved when the phase difference is too 
large as the strain wave form may be, then, appreciably 
different from the stress wave form. 

In conclusion, we are indebted to Dr. C, Zener and 
Dr. A. W. Lawson, both of this Institute for their 
interest in this development. 



Fig. 8. Decrease of internal friction of cold-worked, high purity 
aluminum with annealing time at 245°C. 
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A Device for the Measurement of Rotor Temperature in the Air-Driven Ultracentrifuge 

Paul Gerard Ecker,* Josef Blum, and C. W. Hiatt** 
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A device is described which permits the measurement of rotor temperature in the air-driven ultracentrifuge 
while the machine is in operation at speeds up to 60,000 r.p.m. A Thermistor situated inside the rotor 
changes its resistance as the temperature changes. Measurement of the Thermistor resistance by means of 
a Wheatstone bridge is accomplished with the use of needle contacts on the top of the turbine shaft and at 
the bottom of the rotor. Rotor temperature may be measured to within ±0.02®C and is believed to represent 
actual temperature of the rotating solution within O.UC. 


A n important factor in determining the accuracy of 
sedimentation constants obtained in the ultra¬ 
centrifuge is the precision with which the temperature 
of the solution is known. An error of 0.4°C, for ex¬ 
ample, in estimating the temperature of the solution 
may result in an error of one percent in the measured 
sedimentation constant. In sedimentation equilibrium 
experiments, which require continuous operation of the 
centrifuge for several days, unsuspected variations of 
temperature may constitute an even more significant 
source of error. 

In an effort to improve the accuracy of the air- 
driven ultracentrifuge, the authors have constructed a 
device which permits the measurement of rotor tem¬ 
perature while the centrifuge is operating at speeds as 
high as 60,000 r.p.m. The determinations are made with 
an apparent precision of d=0,02®C and are believed to 


: Peter Bent Brigham Hospital, Boston, 
n the Natural Sciences, 1948-50, under the 


represent the actual temperature of the solution within 
drO.l^C or less. 

The apparatus employed is shown in schematic form 
in Fig. 1. A Western Electric Type V 578 Thermistor, 
TA, is used as the temperature-sensitive element of the 
circuit.' The Thermistor employed is a small bead of 
semiconducting material having a resistance of about 
75,000 ohms at room temperature and a temperature 
coefficient of about —5000 ohm per degree. One of the 
platinum leads from the Thermistor is attached to the 
body of the rotor, the other is led through an insulating 
tube to the bottom contact 72, where the circuit is 
completed through a flexible needle guide tip as de¬ 
scribed below. 

Thermistor resistance measurements are made with 
the Wheatstone bridge shown in the diagram. The 
bridge current is supplied by a 1.5-v air-cell, 5, and is 
reduced to a value of five microamp. by the rheostat 

1 The authors wish to express their appreciation of the assist¬ 
ance received from the Radio Division, Western Electric Com¬ 
pany, New York, New York. 
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Fig. 1. Schematic diagram of the bridge circuit. 

/tl, —100,000-ohm wire wound precision resistors. 

iU^Shailcross No. 827 resistance box. 0 to 1,111,000 ohms in 
lOU-ohm steps, 

/24—^Wire wound rheostat, 200,000 ohms, with SPST switch (5ie) 
attached. 

Th —Western Electric Type V 578 thermistor, 

G-^Leeds and Northrup mirror-type galvanometer, 

A#*—Weston microammeter, 0 to 20 microamps.. 

B —1.5-v. Eveready air-cell. Type A-1300. 

Jt —Top contact (see Fig. 2), 

J2 —Bottom contact (see Figs. 3 and 4). 


Ri. When the bridge is in balance, the current passing 
through the Thermistor is only 2.5 microamp. 

Electrical contact between the bridge and the turbine 
shaft is made at 71 through the needle contact shown 
in Fig. 2. A steel sewing needle, G, is mounted on the 


Fio. 2. The top contact. 



t6p ead of the shaft by the brass cap, S, and rotates 
with the diaf t. The tip of the needle presses against the 
concave bottom surface of an Oilite cylindrical twush, 
F, which is subjected to a downward pressure ty the 
compression spring, E. Tlie entire brush-mounting 
tube, B, may be adjusted in vertical position by sliding 
it up or down in the mounting frame, C, D. When 
placed so as to give proper pressure upon the needle 
tip, the tube is held by a set screw in the frame member, 
C. A hole in the brass cap, A, allows the introducrion 
of small amounts of light oil occasionally to keep the 



Fio. 3. The bottom contact and guide tip. 


Oilite brush lubricated. The arrangement shown affords 
a dependable, low resistance contact which functions 
satisfactorily at all speeds of shaft rotation, shows very 
slight evidence of wear, and imparts only a minimal 
friction drag upon the shaft. 

From this contact the current passes down the tur¬ 
bine shaft and through the body of the rotor to one side 
of the Thermistor, as shown in A, Fig. 3. The Thermis¬ 
tor is mounted in a soft copper sleeve, B, which is 
affixed to the end of an insulating Bakelite rod, C. 
Onp lead wire from the Hiermistor bead is crinq>ed 
into a slot in the copper sleeve, which is pressed tightly 
against die material of the rotor. The lead Wire from 
the other end of the Thermistor is pressed tightly into 
a slot on the end of the copper conducting rad, D, 
which is attached to the steel guide-tip aaseBM>ly, F, 
The guide-t^ aiaembty terminates in a itedi 
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Kf which is mounted in a ball joint, /. The compression 
spring, G, and plunger, Hy maintain a constant pressure 
upon the spherical end of the needle and determine 
flexibility of the ball joint. The entire assembly is held 
firmly in place on the bottom of the rotor by the re¬ 
taining cap, My and fiber insulating washer, N, 

When the rotor is lowered into operating position in 
the vacuum chamber, the guide-tip assembly descends 
into the bearing receptacle depicted in Fig. 4. The 
needle passes with ample clearance through the cap, By 
and brass safety bearing, C, and rests upon the top, 
concave surface of the spring-loaded Oilite brush, F. 
The brush itself, along with its compression spring, X, 
is mounted in the floating bearing structure, Z), E, 
which is free to move laterally to center itself beneath 
the descending needle. Electrical contact is made 
through the brush, F, and the current is conducted 
through the bearing mount to the brass washer, G, the 
binding post, H, and thence returns to the bridge cir¬ 
cuit. The entire assembly is held in a Bakelite recep¬ 
tacle, Ay which is mounted rigidly on the bottom plate 
of the vacuum chamber. The safety bearing, C, does 
not enter into the normal operation of the centrifuge, 
but is provided only to receive the weight of the rotor 
in the event of shaft breakage. 

In addition to serving as an electrical contact, the 
needle functions as a guide tip to keep the rotor from 
precessing on its flexible shaft. By virtue of the ball- 
joint mounting, the needle is able to incline as required 
to keep its tip at all times on the center of rotation of the 
rotor. In so doing it acts in the same manner as the tool 
(called a “wiggler’^) used by machinists for precise 
centering operations. When the needle has sought and 
found the proper position for its tip upon the brush, it 
serves to guide the rotation of the rotor, there being 
sufficient rigidity at the ball joint to keep the rotor 
from precessing. Any slight change in the center of 
gravity of the rotor during rotation is rapidly accom¬ 
modated by the needle, which merely inclines as re¬ 
quired to bring its tip to the new center line of rotation. 
For optimal operation of the device it is necessary that 
the compression springs (G, Fig. 3, and Ky Fig. 4) be 
properly matched in strength, and it is desirable that 
the freedom of motion at the ball joint be restricted to 
the minimum required (about two degrees of arc in 
the present case). 

The Thermistor was calibrated by immersing the 
entire mounting assembly in an oil bath at accurately 
known temperatures between 0® and 30®C. The cali¬ 
bration curve obtained was reproducible within 0.02®C. 


No tendency for the resistance value to drift with time 
was observed. The current used in measurement has 
been limited to 2.5 microamp., this being the minimal 
value for adequate galvanometer response with th| 
present equipment. Electrical heating under these con¬ 



ditions appears to be entirely negligible. Tests of the 
total contact resistance in the circuit showed that this 
quantity was ten ohms or less at all speeds of rotation 
up to 60,000 r.p.m., with no tendency to increase with 
moderate wear. The low value of the contact resistance 
allows it to be ignored in the measurement of Ther¬ 
mistor resistance, which is 75,000 ohms or greater. 

Resistance readings are taken continuously, or at 
arbitrary intervals during the operation of the centri¬ 
fuge. When measured to the nearest 100 ohms, each 
resistance reading represents a temperature measure¬ 
ment which is reproducible within =h0.02°C. In con¬ 
version of resistance readings to temperature, which is 
done with reference to the calibration curve, the tem¬ 
perature values are rounded off to the nearest 0.1 ®C, 
After a more thorough investigation of the influence of 
gradients of temperature in the rotor, it may be possible 
to utilize the full precision of the apparatus and express 
temperature readings to the nearest 0.02®C. Efforts are 
being made at present to employ the Thermistor simul¬ 
taneously as a thermoregulator to maintain the vacuum 
chamber and the rotor at a substantially constant tem¬ 
perature for sustained periods of operation. 
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Application of the Electrical Analogy in Fluid Mechanics Research 
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The electrolytic bath and a modification thereof are presented as valuable tools in fundamental investiga¬ 
tions of potential fluid flow. Principals and techniques are presented in full, together with some typical re¬ 
sults which indicate the scope of the method and the accuracy obtainable. Particular emphasis is placed 
upon techniques which permit the high accuracy necessary in most studies. 


INTRODUCTION 


component: 


A TECHNIQUE is herein presented which peraSits 
determination of the dynamic characteristics of 
potential fluid motion around or between solid bound¬ 
aries by measurements upon the electrical analog of 
the fluid system. The principles involved are, of course, 
not new. In the past, however, their practical applica¬ 
tion has been restricted to the determination of the 
flow pattern in two-dimensional systems and in a very 
limited number of three-dimensional systems for which 
the general velocity distribution is desired but highly 
accurate measurements are unnecessaiy. The present 
investigation was undertaken at the Iowa Institute of 
Hydraulic Research to determine the feasibility of the 
method for more accurate determinations of the pressure 
distribution along various three-dimensional boundary 
forms. The methods used to obtain the necessary pre¬ 
cision arc presented together with typical results from 
several specific problems. 

THEORETICAL CONSIDERATIONS 

Under certain conditions, the pattern of relative mo¬ 
tion between a fluid and a boundary may be closely 
approximated through use of a function 

4>==‘<t>{x,y,z) (1) 

such that 

( 2 ) 

The function ^ is commonly known as the velocity po¬ 
tent. Lines or surfaces of constant ^ are everywhere 
normal to the velocity vector, and the gradient of ^ in 
any direction is equal to the corresponding velocity 



v»*“d0/dx; v,—d<p/dz. (3) 

Strictly speaking, the foregoing equations apply only 
to conditions of steady, irrotational flow, which are 
never wholly satisfied in actuality. However, when ris- 
cous effects are small in comparison with inertial ef¬ 
fects, and wh^n the flow pattern is determined solely 
by the bound^ configuration, close agreement exists 
between the actual pattern and that indicated by the 
potential function for the corresponding boundary 
conditions. These conditions are satisfied especially 
well in zones where rapid acceleration of the fluid oc¬ 
curs, such as in well-faired conduit inlets and con¬ 
tractions and around the upstream face of streamlined 
bodies. 

Since the velocity potential satisfies Laplace’s equa¬ 
tion C£q- (2)3) it alM follows mathematical laws identi¬ 
cal to those developed in theories of electricity, mag¬ 
netism, and the conduction of beat. An examination of 
electric field theory reveals the following equations as 
the counterparts of those in hydrodynamics: 

d»V/$z?+d*V/dy>+d»V/dt^~0, (4) 

E.~dV/dx\ Ey-^dV/dy; £,-dK/da. (5) 

Et, Ey, and E, (components of the vector representing 
the electric field strength) are obviously analogous to 
V., Vy, and v, in Eq. (3), while V (the electric potential) 
is analogous to 

This similarity has long since suggested the possi¬ 
bility of examining the behavior of a fluid system by 
constructing its electrical analog and analyzing the 
performance of the latter with the aid of the more com¬ 
plete instrumentation available for electrical circuits.' 
For two-dimensional S 3 rstem 8 , various graphical and 
mathematical methods based on the potential theory 
have been used with worth while results, adequately 
fulfilling requirements for this type of study. For three- 
dimenuonal tystems, however, graphical or mathe¬ 
matical solutions have been presented only for a very 
limited number of cases, and hence the electrical- 
anabgy method is of greatest value in analyses of this 
type. 


. !■. Schematic repreKntation of analogy between irrota- 

taonu fluid mw and flow of an electrical current for a two-dimen- 
uonal boundary contraction (see reference 2). 


' E. F. Rdf, “An dectiieal method for tracing Unea in the tiso* 
dimensional motion of a p^ect fluid," Phil Mag. 48 (Septembsr, 
W24). 
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Fig. 2. DeUils of elcctrical-analogy tank and a typical model. 

EXPERIMENTAL TECHNIQUE 

The first step in constructing an electrical analog is 
to form a conductor or semiconductor (in this case an 
electrolytic solution) so that its boundary is geo¬ 
metrically similar to that of the flow system under con¬ 
sideration. The application of a voltage across this 
conductor, between zones representing the entrance and 
exit of the fluid in the system, then establishes within 
the conductor a potential pattern similar to that of its 
fluid prototyp)e (see Fig. 1). A voltmeter or potenti¬ 
ometer circuit may thus be used to explore this poten¬ 
tial pattern by means of electrodes in contact with the 
conductor. In most previous instances, the potential 
pattern throughout the electrolyte has been explored 
with the aid of a movable electrode which traces lines 
or surfaces of constant potential from which the ap¬ 
proximate velocities are obtained.® Since, for the present 
study, conditions along the boundary only were de¬ 
sired and high accuracy was necessary, the movable 
probe was replaced by fixed electrodes flush with sur¬ 
face of the model. Their spacing could hence be meas¬ 


ured with the requisite accuracy, usually with a ma¬ 
chinist’s precision surface gauge or by optical magni¬ 
fication and comparison with a standard scale. 

Two construction techniques were adopted for the 
present studies, both using a 0.016-molar copper sulfate^ 
solution as the conductor. The first, for obtaining the 
flow pattern around bodies in otherwise parallel, uni¬ 
form flow, consisted of a large tank filled with an elec¬ 
trolyte in which Luceti models of various bodies were 
immersed. An alternating voltage source was connected 
to the electrolyte by means of sheet-copper anodes, and 
the surface electrodes served for the determination of 
the potential distribution along the boundary. The 
major considerations in the design were (1) to make the 
model large enough so that small errors in construction 
would be relatively unimportant, and (2) to make the 
tank large enough so that the effect of the outer bound¬ 
ary would be negligible. Because of its non-conducting 
properties and transparency, plate glass was utilized 
for the sides of the tank. Although the cylindrical form 
is the most desirable from the standpoint of symmetry, 




Fio. 3. Cross section of electrolytic bath aimulating longitudinal 
segment of three-dimensional counterpart of Fig. l.> 

and Fowler, ‘'Preiimlnary tests on electric 
" Aeronautical Resell Council Tedh. 


lUymcr, and J 
flow apparatus,’’ 
tuiart No. 220SX1W). 


Fig. 4. Equipment used in electrical analysis of an axially 
symmetrical conduit transition. 

a glass cylinder of the large dimensions desired could 
not be obtained readily, and a hexagonal prism was 
selected as the most practical substitute. A frame of 
angle iron was built, and the glass sides were cemented 
to the inside of the frame with aquarium cement. The 
Jower anode rested on the bottom of the tank, and an 
angle iron frame supported the upper one just below 
the surface of the electrolyte (see Fig, 2). The Ludte 
models were introduced into the working section through 
a small hole in the center of the top anode, and the 
electrode leads were brought up through the hollow 
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interior of the model. The electrodes used were 0.012 
indi in diameter, but even smaller ones are recom¬ 
mended to increase the relative accuracy. 

The second construction technique was used to de¬ 
termine the boundary pressures for flow confined by 



Fig. 5. Battery-operated millivoltmeter used as null detector. 


various surfaces of revolution. In order to increase the 
accuracy of the measurements, models several times 
the size of the foregoing were necessary, but the con¬ 
struction of full models of the scale desired was quite 




Fio. 6. Pressure dlstribudon around a two-caliber ogival head 
form with cylindrical afterbody. 


impractical. For this reason only a small segment of 
the entire volume was used*** since the flow pattern is 
identical for all longitudinal sections through the center 
line of an axially symmetrical body. A finite increment 
of the boundary surface of revolution, so narrow that 
in cross section its arc closely approximated a straight 
line, was represented by a strip of Pyralin, which could 
be ^nt longitudinally to any desired form. This strip, 
together with metal end plates, was assembled on an 
inclined pane of plate glass (see Fig. 3). When an 

•H. E. Babbitt and D. H. Caldwell, The Free Swfaee Around^ 
lni0fereiice Behveen, GravUy Wells (Engineering Experiment 
$tatiosi, Urbana, IBinok, January 7, IW), BttUetin^ies No. 374. 


electrolyte was poured into the space thus provided 
until the horizontal plane of the free surface intersected 
the plate glass at the predetermined axis of symmetry, 
the space it occupied was a representative segment of 
the entire volume. Hence, potentials obtained by means 
of electrodes along the Pyralin strip were essentially 
the same as would be obtained if the entire volume had 
been reproduced. The models were thus constructed 
without lathe work, and in such a way that the outline 
could be changed easily to any desired form (see Fig. 4). 

The segmental method of construction described in 
the preceding paragraph is not readily applicable to 
the study of bodies like those tested in the large tank, 
because the least accuracy would be obtained where the 
greatest accuracy is desired—i.e., the model would be 
located in the region where the electrolyte approaches 
zero depth and the measurements would be less reliable. 
The boundary would also necessarily be placed at a 
large distance from the model or bent to the form of a 
streamline. 

In order to obtain consistent results with either con¬ 
struction technique, certain precautions must be ob¬ 
served in preparing and conducting the experiments. 
First, the electrolyte must be clean and homogeneous if 
the flow of current through it is to represent the flow 
of a non-viscous fluid. To insure this condition, the 
first solutions were made with distilled water, but later 
tests proved that tap water is satisfactory if it is first 
acidified with approximately 0.02 mole of sulfuric acid 
per liter, and then allowed to stand 24 hours before 
adding the copper sulfate. This eliminated most dis¬ 
solved gases and converted the salts to compounds 
which did not precipitate or coat the electrodes and 
anodes. Copper was chosen as the anode material so 
that the electrochemical reaction would be reversible 
and the potential drop in the immediate vicinity of the 
anodes would be a minimum; both anodes and all elec¬ 
trodes were cleaned with dilute acid before each test. 
Polarization was avoided by using 60-cycle alternating 
current after tests showed that higher frequencies were 
unnecessary, and concentration gradients were elim¬ 
inated by stirring the bath frequently. A filament 
transformer reduced the applied potential to six volts 
so that beating and the accompanying concentration 
gradients would be negligible. 

Construction and measurement of the models is 
very important, of course, and careful consideration of 
the problem will be worth while. Ail boundary pro¬ 
portions, curves, and tolerances should be carefully 
controlled, but there is obviously no advantage in 
striving for a relative accuracy in the model which docs 
not obtain in the prototype. The models must be 
thoroughly insulated and water-tight, because any 
leakage of the electrolyte will upset the readings. The 
spacing of the electrodes should be sufficiently dose to 
measure the desired trends, the smallest spacing being 
necessary where rapid acceleration and hj gb pressure 
gradients exist. The location of electrodes sbouk} be 
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Fig. 7, Pressure distribution around a hemispherical head 
form with cylindrical afterbody. 


Fic. 8. Pressure distriVmtion around a 4:1 ellipsoidal 
head form with cylindrical afterbody. 


measured relative to a common point so that the errors 
compensate rather than accumulate as the differences 
are computed. Electrode diameters less than 2 percent 
of the minimum spacing arc desirable to increase the 
accuracy in determining location, but this usually 
means using No. 30 wires or smaller. A special technique 
developed to place wires of this size in the boundary 
is as follows: A |-inch Lucite rod is ground down on one 
side until its cross section is a semicircle, and a small 
groove is made down the center of the flat side. The 
wire is laid in the groove, and then a similarly formed 
rod is placed on top, clamped, and sealed with chloro¬ 
form. The result is a |-inch rod with the fine wire along 
its axis. Holes to admit the rod are then drilled in the 
model before the surface is finished, the rods are in¬ 
serted and sealed with chloroform, and the surface is 
finished and polished. Heavier leads are finally soldered 
to the free end for connection to a selector switch. 

The electrical measurements were made by means of 
a simple potentiometer circuit from which it was neces¬ 
sary to record only one quantity. A precision decade 
potentiometer was connected in parallel with the 
anodes, a high impedance millivoltmeter was inserted 
between the potentiometer tap and an electrode, and the 
potentiometer was adjusted until the voltage difference 
was a minimum. When necessary, a small capacitance 
was mserted across one arm of the potentiometer to 
compensate for the distributed capacity at the anodes 
and increase the sharpness of the null pomt All elec¬ 
trode leads were connected to a rotary selector switch 
So that little time was lost in measuring their relative 
potentials. Although the potentiometer is actually a 
resistimee-type device, the fact that the current through 
it is constant permits readings of fractional res^tance 


to be interpreted directly as fractional potential with 
an accuracy of 0.01 percent of total potential. 

The millivoltmeters used (see Fig. S) were designed 
especially for this application, and were battery- 
operated to isolate them completely from all external 
influences. Miniature tubes and batteries were employed 
to keep size—and hence capacitance to ground—at a 
minimum, and wooden blocks further isolated the meter 
from its surroundings. The maximum sensitivity was 
sufficient to indicate reliably a potential difference of 
3X10^ volt, and less sensitive ranges for coarse ad¬ 
justment were selected by a simple lever-type switch. 
A meter was selected as indicating element instead of 
the conventional earphones because of the low fre¬ 
quency used, the more complete isolation, and a general 
preference of the designer for visual indicators. Due to 
its very high bput impedance, the meter drew negligible 
current from the electrodes even when the circuit was 
far from balance, and hence the potential field re¬ 
mained undistorted and gas did not accumulate on the 
electrodes. 

To find the pressure distribution from the electrical 
measurements, only two quantities—the spacing As of 
the electrodes and the corresponding potential differ¬ 
ence A<l >—were needed, since 

( 6 ) 

and the change in piezometric bead Ah is 

V,V2j \VJ Vij/ / Vis/. 

Hie quantity (A^/A$). .was evaluated from measure- 
m«it8 between electro^ placed in a region of parallel 
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Fio. 9. Coordinate notation and typical results for 
cubical-arc contraction pro^. 

flow. Pressure-distribution curves were obtained by 
plotting the values from Eq. (7) midway between points 
corresponding to the electrode locations. 

DISCUSSION OF RESULTS 

The reliability of the immersion-tank measurements 
was determined by comparing the results for several 
different head forms with actual pressure distributions 
obtained in a water tunnel.^ This comparison is shown 
in Figs. 6-8, and the agreement is certainly sufficient 
to justify xise of the electrical-analogy results to predict 
actual performance for these bodies. 

Two characteristics of the measurements should be 
noted: First, the points do not usually fall exactly on 
the water-tunnel curve, but alternate about it. This 
trend is undoubtedly due to very small errors in meas¬ 
uring the location of electrodes, and would be less for 
larger models; as already mentioned, such errors are 
self-compensating rather than cumulative. It should be 
noted that the electrodes used were much larger than 
those recommended in this paper, and their exact loca¬ 
tion was difficult to determine. The sfecond charac¬ 
teristic is the failure to regain full static pressure along 
the cylmdrical afterbody. This indicates that the re¬ 
duction in cross-sectional area caused by introduction 
of the model was not negligible, though slightly less 
than one percent. For this reason, measurements be¬ 
tween electrodes placed on a very slender rod inserted 
in place of the model were used for determining 
(A^/Aj)o. The over-all potential drop between the 

^ H. Rouse and J. S. McNown, CavUaiim and Pressure Dis- 
trlbuHcn’--Bead Forms at Zero Angle ef Yaw (University of Iowa 
Studies in Engineering, Iowa aty, Iowa, 1948), Bulleda 32. 


ftnodes was not sufficiently precise for this purpose be¬ 
cause of capacity effects in the vicinity of each anode. 

Th^ reliability of the electrical measurements with 
the ‘^P^jnental method was checked in three different 
wa3%, and the errors were of the same order as those for 
the immersion-tank method. For example, the measured 
pressure gradient along a linear (i.e., conical) transition 
was compared with the theoretical curve; the maximum 
deviation was less than one percent, which is well 
within design limits for practical use. 

Figure 9 shows the results of measurements on one 
of a series of nozzle models which were tested for design 
purposes.® The data obtained were adequate for deter¬ 
mining optimum boundary shape to minimize the 
tendency toward cavitation. Siinilar tests have been 
performed on rounded reservoir inlets, with equivalent 
results. For all models, the location and magnitude of 
the maximum and minimum pressures were clearly 
shown. 

Another highly useful application of the electrical 
analogy is to determine the form of the free surface in 
various flow systems where gravity plays a negligible 
role. The results of one such test are shown in Fig. 10, 
which indicates the form of the free surface and the 
velocity and pressure distributions in a liquid jet de¬ 
flected by a normal boundary. The technique is simply 
to adjust the boundary curvature until the potential 
gradient is constant over its entire length, in accordance 
with the requirement that the pressure intensity must 
be zero (and the velocity hence constant) at all points 
on a free surface. The same procedure may be adapted 
to free-surface flow under gravitational influence 
through use of the Bernoulli relationship between ve¬ 
locity head and elevation along a surface of constant 
pressure. 

CONCLUSIONS 


The two methods described in this paper for applying 
the principles of the electrical analogy have proved 



* H. Rouse and M. M* Hassan, ^'Cavltatlon-free inlets and onn- 
tractioiis,*^ MedL Eng. (Mardi, 1949). 
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satisfactory for determining velocity and pressure dis¬ 
tributions in relative motion between fluids and boimd- 
aries under potential-flow conditions. Special attention 
should be directed to the following points to insure best 
results: (1) the electrolyte should be clean and homo¬ 
geneous; (2) alternating current should be used to 
minimise polarization; (3) the electrochemical reaction 
between anodes and electrolyte should be reversible; 
(4) models should be sufficiently large to maintain a 
close relative tolerance in dimensions; (5) the finite 
distance to all boundaries must be considered, and their 
effects minimized by placing them as far as possible 
from critical zones; (6) electrode diameters should be 
very small relative to the spacing between electrodes to 
increase the over-all accuracy; (7) the potentiometer 
and null detector used must permit high accuracy in 
determining potential differences. With the requisite 
care in construction and technique of operation, results 
of any desired accuracy should be obtainable. 
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A qualitative description of the theory of the operation of a shock tube is given together with a dis¬ 
cussion of its design. The construction of a particular tube 4 in. X18 in. X38 ft. is described as well as certain 
auxiliary equipment needed in its operation. The technique of operating the device and comparisons of its 
performance with expectations are discussed. This tube has been used to study certain properties of shock 
waves and to obtain a flow held of marked uniformity and freedom from turbulence. The Mach number of 
this flow may be adjusted at will from zero to the supersonic range without difficulty. An interferometer 
makes it possible to obtain an instantaneous picture of the density field so that the apparatus may be used 
as a very efficient transonic wind tunnel. 


INTRODUCTION 


^ I 'he propagation of sound, shock, and detonation 
* waves in tubes has a long history beginning as 
far as we are aware with Davy in 1816. References to 
the early papers may be found in a paper by Dixon.* 
The elements of what we shall call “the shock tube” 
consist of a straight tube of arbitrary but uniform cross 
section separated into high and low pressure segments 
by a tbin diaphragm. When the diaphragpn is burst, 
disturbances are propagated in both directions, a rare¬ 
faction into the high pressure end and a compression 
rapidly becoming a shock in the low pressure end. Such 
an arrangement was used by Vieille* in 1899 to demon¬ 
strate the fact that shock waves are propagated with a 
^leed greater than that of soimd. More recent work 


• This work received mejor financial cuMXHrt from the Navy 
DcM^ent thtoitth ContnKt N6ori—105 Task II. 

^ B. Dixon, Phil. Trans. A2M, 315 (1903). 

*P. VteUle, Ceinptes Rendus 129,1228 (1899). 


includes that of Payman* and Payman and Shepperd.* 
During the war considerable work was done with shock 
tubes by a group at Princeton but reports were never 
given adequate publication.* This paper will be con¬ 
cerned with the operation of a shock tube and the 
description of a particular instrument. The quantitative 
relations involved will be given in the Appendix. 

OPERATION 

The behavior of the shock tube will first be described 
in a qualitative way. Let us suppose, for simplicity, 
that the gases in the low and high pressure sections are 
originally at the same temperature but different pres- 

' W. Payman, Proc. Roy. Soc. A120,90 (1928). 

* W. Payman and W. C. F. Sh^perd, Proc. Roy. Soc. A186, 
293 (1946). 

* An account of thia work is to be fotmd in reports to the OflSce 
of Scientific Research and Develt^ent; G. T. Reynotda, OSRD 
1519 (1943), L. G. Smith, OSRD 6271 (1945), Fletcher, Read, 
Sbmer, and Weimet, OSRD 6321 (1946). 
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DISTANCE 

Fig. 1. Schematic diagram of the pressure distribution in th» 
shock tube at different times. The drawings are not in scale, 
(a) Before the diaphragm breaks, (b) a short time after the dia¬ 
phragm is burst, (c) after reflection of the rarefaction, (d) after 
the rarefaction has caught up with the shock. 

sures. In practice this is usually the case. Suppose 
further that the diaphragm is suddenly eliminated. A 
compression immediately starts to propagate into the 
low end while a rarefaction goes the other way. The 
situation is sketched in a schematic way in Fig. 1. 
A boundary condition that must apply at the moving 
plane which separates the expanded from the com¬ 
pressed gas is that the velocity of the medium on either 
side of this plane must be the same. We may equate, 
therefore, the velocity acquired by an element of the 
fluid in front of the diaphragm passed over by the com¬ 
pression or shock wave to the velocity of an element of 
the fluid behind the diaphragm passed over by the 
rarefaction. Let the original pressures in the high and 
low ends be denoted by Pi and Po and the ratio of the 
pressure in front of the shock to that just behind it be 
given by Po/P«f. The quantity { is a convenient 
measure of the shock strength. Equating the velocities 
as indicated above yields a relation between f and 
Po/Pi (see Eq. (10) of the Appendix). 

In the special case of air in both chambers originally 
at the same temperature and assuming the ratio of 
specific heats y to be 7/5 and that the diaphragm dis¬ 
appears in an ideal manner, the result is 

Po/Pi- {[1 - (1 - f)/[{(7{+42)]‘J. 



Fio. 2. A view of the shock tube from the hig^ preseure end. 


As will be seen presently the actual measured curve is 
of the same shape but differs quantitatively from this 
result by a few percent. The difference is attributed to 
the non-ideal way in which the diaphragm bursts. The 
ideal result therefore is a plane shock wave with a region 
of constant pressure behind it where the medium is in 
uniform motion and this region contains a plane mark¬ 
ing the boundary between the two gases originally at 
different pressures in the two sections of the tube. This 
plane after the break represents a discontinuity in 
temperature and density but not in pressure. It will 
sometimes be referred to as the ‘‘cold front. 

The rarefaction in the meantime is propagated in 
the other direction as indicated in Fig. 1. The leading 
edge of this wave is progressing into an undisturbed 
medium with the velocity of soimd for that medium. 
The tail of the rarefaction or trailing edge is pro- 



Fig. 3. Detail of the corner assembly of a typical section. 

pagated, however, into a region at reduced temperature 
and moreover it is progressing against the stream 
velocity u acquired by the medium from the passage 
of the rarefaction. The velocity of the tail of the rare¬ 
faction with respect to the fixed tube is therefore Ca—w 
where c% is the local velocity of sound in the high pres¬ 
sure gas after expansion and « is the velocity of the 
fluid. The velocities of other phases of the rarefaction 
will fall between the two extremes. If the pressure fall 
is sufficiently great, the magnitude of u may exceed the 
local velocity of sound whereupon Gj— u becomes nega¬ 
tive and the trailing edge actually moves forward with 
respect to the tube in the same direction as the shock is 
traveling. 

The disturbance which travels backward into the 
high pressure end will eventually reach the closed end 
of this section where it will be reflected as a rarefaction 
and will pursue the shock front down the tube. It will 
first overtake the temperature discontmuity between 
the two gases and eventually will overtake the shock 
itself if the tube is long enough. This is possible since 
the flow behind the normal shock is subsonic with re¬ 
spect to the shock itself. After the rarefaction over¬ 
takes the shock the pressure behind the front is no 
longer constant but falls off continuously and the 
strength of the shock dies off with time and distance. 

When the shock front reaches the end of the low 
pressure section, another reflection takes place, a rare¬ 
faction if the end is op^ and a shock of more than twice 
the incident pressure jun^ if it is closed. In case the 
tube is of such dimensions that a region of constant 
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pressure and uniform flow exists behind the incident 
shock then upon reflection at the closed end of the tube 
the reflected shock must progress upstream and its 
strength is such as to bring the flow to rest leaving a 
stagnant region of constant pressure behind it. 

Very soon complications begin to arise from multiple 
reflections at the temperature discontinuity between 
the two gases and the two ends of the tube so that 
further prediction of the detailed behavior of the dis¬ 
turbances rapidly becomes more difl&cult. In designing 
a shock tube the lengths of the two sections must be 
chosen to give the desired durations of the flow before 
these complicating reflections arise. 

As already mentioned, the conditions of the flow 
behind the incident shock but ahead of the cold front 
and the rarefaction wave should be very uniform in 
pressure, density, and velocity. As the shock strength 
parameter $ goes from 1 to 0, the Mach number of this 
flow goes from 0 to a finite value which is supersonic 
with respect to coordinates fixed in the laboratory (see 
Appendix, Eq. (6)). For air and assuming the ratio of 
specific heats 7 to be 7/5 this maximum Mach number 
is about 1.89. It will be noted that there is also a region 
of the same constant velocity behind the cold front. 
Since the temperature here is below that in front of 
this region, it follows that the Mach number must be 
greater. Investigation of the problem shows that there 
is no upper limit to the Mach number here as the pres¬ 
sure ratio Pi/Pti is increased. 

It will be noted that the strength of the shocks and 
the Mach numbers of the flow depend only on pressure 
ratios so that one may work over a large range by re¬ 
ducing the pressure in the low end as well as raising 
the pressure in the high end. 

The foregoing qualitative discussion is predicated on 
the assumption that the diaphragm in the tube breaks in 
a highly idealized way. The quantitative relations and 
some comparisons with experiment will be given after 
the particular tube now in use has been described. 

SHOCK TUBE CONSTRUCTION 

In order to realize the properties in a shock tube dis¬ 
cussed in the previous section it is necessary to main¬ 
tain the correct ratio of the lengths of the two chambers 
and the cross section must be uniform throughout the 
length of the tube. Shock tubes have been made in our 
laboratory having circular, square, and rectangular 
cross sections, also some with one straight side and the 
remainder circular. In sizes they have ranged from 1 
to 18 in. in the greatest transverse dimension and from 
S to 50 ft. in length. Some were crude and some were 
elaborate. The simplest one could be carried in the hand 
and inflated with a stirrup pump in the field for cali¬ 
brating blast gauges. The most elaborate one so far 
constructed will be described below. 

Experience has shown that the longer the tube the 
txkore nearly perfect is the shock front and the flow 
htixhid it. Tbk is to be expected since the diaphragm 



Fig. 4. A typical chronograph record showing in order from the 
top signals from the two liAt screens and the spark. For legibility 
m reproduction the first use in each signal has been dotted on 
thei»mt 
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always breaks in a somewhat rag(^ fashion and a long 
expansion tube allows the irregularities to catch up 
and merge with the front. On the other hand if a given 
ratio is maintained between the lengths of the two 
chambers, this means that the high pressure section 
should be long also. A well-formed shock is found a 
few diameters from the diaphragm but in our work we 
have found it desirable to make our observations at 
a distance from the diaphragm of from 10 to 20 times 
the greatest dimension of the cross section. 

In order to exploit the optical techniques it is de¬ 
sirable to have a channel with plane parallel sides in 
order to accommodate plane windows flush with the 
inside surface and in certain two-dimensional phe¬ 
nomena the height of the channel perpendicular to 
the direction of sight should be as large as conveniently 
attainable to delay interactions with the walls. The 
thickness along the light path must be sufficient to give 
measurable optical effects but not so thick that the 
light rays are deviated too far from their undisturbed 
paths within the tube. Certain other requirements 
must be considered such as the strength of materials 
and thickness of wall so that vibrations in the tube 
itself will not introduce undesirable effects. 

All of these considerations were influential in the 
design of the present apparatus. Basically the tube is 
made up of seven 4-ft. rectangular sections, two 3-ft. 
sections, one 2-ft. section and two 1-ft. sections which 
may be bolted together to give a total length of 38 ft. 
The inside dimensions of all sections are 4 in.Xl7f in. 
An idea of the arrangement may be obtained by re- 



Fio. 5. Shadow j^ture of a plane shock waveawecpiag to 
the right over a horisontal plate. 


felring to the photograph in Fig. 2. In the foarcgrouiid 
is the high pressure end, in this case 2 ft. bng, the vac¬ 
uum pump and gas handling manifold. The high pres¬ 
sure section may be rolled back and to one side giving 
full access to the remainder of the tube. The two cham¬ 
bers are faced with rubber where they join gripping the 
diaphragm between them. The two are held firmly to¬ 
gether by a hydraulic clamping sjrstem operated by a 
hand pump. 

The tulx sections were fabricated from Dural plate 
1 | in. thick. The inside surfaces were machined but 
not otherwise polished. The plates are bolted together 
with rubber gaskets in the seams to make a vacuum 
tight seal. Details of a comer are shown in Fig. 3 where 
it will be seen that the side plates are keyed into the 
top and bottom plates for added strength, and a double 
mbber seal is us^. Provision is made for pumping out 
the space between these seals so that should a leak 
develop it can ^ be quickly localized and the trouble 
corrected. Each side plate has a heavy cleat inset and 
bolted near each end. To join two sections, a flat rubber 
gasket is placed between them and longitudinal bolts 
through adjacent cleats draw the two sections together. 
Dowel pins insure proper alignment. The gasket is 
trimmed on the inside flush with the surface after the 
bolts have been drawn up tight. 

Numerous ports 2 in. in diameter are distributed at 
points along the tube where various gauges and in¬ 
struments may be mounted to investigate phenomena 
occurring within the tube. The test section, the last 
one on the low pressure end, is equipped with two ob¬ 
servation windows 5 in. in diameter mounted in oppo¬ 
site walls flush with the inside surface. It is through 
these windows that all of the important optical studies 
are made. Two light screens are mounted to intercq)t 
the incident shock wave just before it enters the test 
section. Schematically they consist of miniature 
schlieren optical systems with light source, condensing 
lens, knife edge, and collimating lens on one side and 
field lens, knife edge, and photo-multiplier detector on 
the other side of the tube. The light passes through 
small windows in the 2-in. ports and traverses the tube 
in the form of a rectangular beam of parallel light about 
5 mm wide and 20 mm high. When the knife edges are 
adjusted to cut off most of the light, the system is very 
sensitive and will detect the transit of a shock wave 
over the entire range of shock strengths from (>>0.98 
to (•■0.05. The output signals have a sufficiently sharp 
rise to locate the shock in time to about I0~^ second. 
The two light screens are 16} in. (42.6 cm) apart and 
when the time interval between the two signals is 
measured, the velocity of the shock may be determined. 
From the velocity the shock strength ( may be com¬ 
puted (see £q. (4) in the Appmidix). 

There ate many types of duonographs which could 
be used to measure the time intervaL The one we use 
cmunsts of a cathode-ray tube and dnim camera oma* 
bined with a sweep citodt which sweeps the beam: back 
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and forth at a frequency of 10 kilocycles with constant 
speed in both directions. Sharp “pips” are fed into the 
vertical amplifier at 5-inlcrosecond intervals and the 
sweep is synchronized with the pips so that it begins 
and ends on a pip. The pip frequency is controlled by a 
quartz crystal oscillator in the usual fashion. The drum 
camera was improvised by attaching a strip of 3S-mm 
film to the circumference of the sprocket only of the 
General Radio 6S1-AE camera. A contactor consisting 
of an insulated point near a flexible diaphragm is in* 
serted in one of the ports prior to the light screens and 
on the passage of the shock front past this point the 
contactor closes a circuit which serves to turn on the 
spot on the CR tube which remains on for approxi¬ 
mately one revolution of the film and hence prevents 
overlapping traces. 

A typical velocity record is illustrated in Fig. 4. In 
addition to the two signals from the light screens which 
serve to determine the velocity of the shock a third 
signal is recorded at the time the spark is flashed to 
take a picture through the main observation windows 
thus fiixing the time at which the observation was made. 
The velocity of the shock wave can be determined over 
a wide range with an accuracy of one part in 5000. 

The windows in the test section are high quality 
optical flats with uniform optical thickness such as are 
required for interferometer applications. The windows 
are 5 in. in diameter, i in. thick and mounted by means 
of Wood’s metal seals to steel rings which in turn fit 
into the openings in the walls of the tube. The whole 
combination is flush with the inside surface and a 
rubber gasket on the outside seals the steel ring to the 
wail so that the system is vacuum tight. A similar pair 
of matched windows are mounted in a compensation 
chamber to equalize the optical paths in the inter¬ 
ferometer. The whole test section, 3 ft. in length, has a 
quick-detachable connection with the remainder of the 
tube and may be rolled out on a carriage to facilitate 
adjustments on objects and models mounted in the 
observation region. 

The interferometer needs little description since it is 
of the Mach-Zehnder type* and very similar to the one 
recently described by Winckler.'' The two differ only in 
size, mechanical details in the mount, and methocU of 
adjustment. The plates are 5 in. in diameter and in¬ 
clined 45° to the optical axis. The instrument together 
with two optical benches supporting other components 
of the system used in the investigations rests on a steel 
table whose legs pass through holes in the floor to a 
concrete foundation independent of the laboratory 
building. The shock tube itself does not touch this 
table at any point so that mechanical vibrations in the 
tube do not disturb the optical system. The light source 
used in all the optical investigations is a spark having 
an effective duration of one microsecond or leas. One 


^Hw qpticsl flats for the interferometer and windows were 
pMpstt^ DV Pedtln-Elraer Orporadon. 

«nii4jsr, Rev. Sd. Inst. 19,307 (1948). 



Fig. 6. Interferojnum of the incident shock wave by the *‘off- 
set" method and illustrating how the individual fringes may be 
traced through the shock. 

of the signals used in the velocity measuring system 
also passes through an adjustable delay circuit and 
trips an auxiliary spark which serves to initiate the 
main discharge. The range of adjustment of the delay 
unit is from 0.2 to 2 milliseconds and the reproducibility 
is of the order of a few microseconds. Observations may 
be made by shadow, schlieren, or interferometry.® 

A vacutun pump and gas handling manifold are pro¬ 
vided so that different gases at any convenient pressure 
may be used in the system. For instance air and helium 
on the low and high pressure sides of the diaphragm 
respectively have been used to obtain a much stronger 



shock wave for the same initial pressures than one can 
obtain using air on both sides. 

FBRFORMANCB 

If iht shock, tube behaved in an ideal way the shock 
waves should be plane. A parallel shadow picture of an 

* For a description of these techniques see, for extinpie, liep- 
mann and Puckett, Amodynamks 0f a Compre$sibU FIM (Jchn 
Wi^y and Sons, Inc., New York, IHI). 
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Fio. 8. Interferogram of an early 
phase of the flow over a wedge 
(10® half-angle). To the right of 
the shock and to the left, 

except near the tip of the wedge, 


incident shock passing over a plane wall at grazing 
incidence is shown in Fig. 5. The ratio of the departure 
of this shock from a. straight line to the length of the 
line is less than one part in 500. It will also be noticed 
that the wall has no detectable effect on the shock 
where the two intersect. 

It is clear that the strength of a shock f=«Po/-P can 
be determined both by its velocity and by the density 
ratio across the front. This density ratio is calculated 
from the fringe shift which occurs in the interferometer. 
The conventional method of identifying the fringes 
across the discontinuous shock front makes use of the 
white light fringes.® In dealing with two-dimensional 
configurations of density discontinuities we have found 
it more convenient to displace the light source so that 
the light is oblique to the shock by one or two degrees 
whereupon the fringes may be traced through the front 
as shown in Fig. 6. This method eliminates all the un¬ 
certainty concerning the exact location of the zero 
order of interference since this question is now ir¬ 
relevant. 

The idea of the offset light source has been carried 
one step further by installing two sparks, one centered 
on the optical axis of the system giving light in the 
interferometer parallel to the shocks and the other 
displaced as described above. The lens at the exit port 
of the interferometer forms separate images of the two 
sparks and a small mirror inserted here enables one to 
separate the two light beams so that two simultaneous 
pictures on two separate plates may be made. The 
one from the offset sotirce is used to determine the 
strengths of the discontinuities and to identify the 
fringes on the other. Or by firing the sparks at different 
tiroes the offset spark may be used to determine the 

• Ladenburg, Winckler, and Van Voorhis, Phys. Rev. 73, 1359 


strength of the incident shock and hence the Mach 
number of the flow while the second is available for 
analysis of phenomena occurring later in the flow. 

The sensitivity of the interferometric method of 
measuring ^ depends on the difference of density on 
the two sides and hence on the absolute pressure and 
temperature at which the experiments are performed. 
The fringe shift approaches zero as and a constant 
value as {—>0. We have found that a working range of 
pressures such that the fringe shifts lie in the range 0 
to 20 is feasible and convenient and in the most favor¬ 
able cases the shift can be measured to about 0.02 
fringe. However, in using Eq. (13) to determine f for 
the incident shock, for example, other quantities enter 
including the wave-length, the width of the tube, the 
density of the undisturbed gas and the index of re¬ 
fraction. 

From Eq. (14) of the Appendix we see that the com¬ 
putation of the shock strength { by the velocity method 
involves the velocity of sound Co in the imdisturbed 
region. It would be advantageous to measure this 
quantity directly in the tube but so far we have used 
only air in the low pressure end and the co was com¬ 
puted from the approximate relation 

co/c.^ (ro/r.)Hi+o.i49P«/p^), 

where c, is the velocity of sound in dry air under 
standard conditions (331,6 m/sec.) and r,*273^K, Te 
is the tube temperature and and Pa are the partial 
pressures of water vapor and dry air in the low pressure 
section of the tube. The equation is valid only when 

In comparing the two methods of measuring the shock 
strength £ at which the tube is operated it is fair to 
say that each gives a nominal value which is accurate 
to 0.1 percent or better. However^ since we have not 
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bothered to determine the density and sound velocity 
of the undisturbed medium with high accuracy the 
absolute values of ( as measured by the two methods 
differ by at most two percent in the range (0.3< {<0.9). 

The results of many velocity measurements on sev¬ 
eral tubes of different dimensions are shown in 
Fig, 7. The solid curve is obtained from Eq. (11) of 
the Appendix and the shaded band covers the region 
of experimental observations. The observed shock 
strength is always a little less ({ a little more) than 
the simple idealized theory predicts. It should 
be noted also that { is not actually constant as the 
shock progresses down the tube.^** In a tube 15 cm in 
diameter the velocity increased for several diameters 
beyond the diaphragm and thereafter decreased. At a 
distance of about 40 diameters the rate of loss in ve¬ 
locity with distance was less than 0.001 sec These 
observations were made before the rarefaction reached 
the shock front. 

For only moderate precision Fig. 7 may be taken as 
a calibration for any tube but if high precision is de¬ 
sired each tube should l>e calibrated individually or the 
shock strength should be measured in every experiment. 

It has been found that successive ^^shots'* in the tube 
taken with the same initial conditions reproduce one 
another to a surprising degree. The velocity of the in¬ 
cident shock can be reproduced to 0.1 percent which is 
about the accuracy of the measurement of the starting 
pressure Pi. Even little irregularities which appear if 
the point of observation is not far enough away from 
the diaphragm are often reproducible. 

The flow behind the incident shock front as examined 
by all the standard optical methods appears to be 


Mi 

very uniform with the exception, under some condi¬ 
tions of operation, of some very weak shocks which 
sometimes appear following the main shock. At first 
these were rather troublesome but doubling the length 
of the tube materially reduced the number and in- ♦ 
tensity of these subsidiary shocks. They are most 
evident in shadow pictures and represent the last 
traces of reflections from the walls which is the process 
by which the plane front is built up. A typical inter- 
ferogram of a field of flow is shown in Fig. 8. Here air 
on the right is at rest while just to the left of the shock 
the flow is toward the right at about Mach number 1.0. 

A bow wave is just beginning to form ahead of the 
two-dimensional wedge. From the uniformity of the 
fringes on the left portion of the picture one can see 
that the flow is quite uniform. No detailed measure¬ 
ments have been made as yet so that limits on the de¬ 
gree of uniformity in the flow cannot be given. 

The use of the tube as a transient wind tunneP^ is 
well illustrated in Fig. 9 where the flow is supersonic at 
Mach number 1.4. This flow in air is in the region be¬ 
tween the shock front which has already passed from 
view on the right and the cold front which has not yet 
reached the window. The tip of the wedge has been 
immersed in the flow for only about 100 microseconds 
and yet the flow appears to have reached a quasi-steady 
state. The boundary layer is clearly evident. The 
transition from the transient beginning of the flow to 
such a quasi-stationary state can be studied by taking 
pictures at intermediate times. It is worth noting that 
the Mach number of this flow can be determined inde¬ 
pendently from three different measurements; (1) the 
velocity of the incident shock wave, (2) the angle of 


Fio. 9. Supersonic flow, ** 1.4, 
over a wedge about 100 micro¬ 
seconds after the incident shock 
had passed the tip. 



w R, J, Emrich and F. B. Harrison, Phys, Rev. 73, 12S5(A) (194S). 

u Another Ulustmtion of the supersonic flow In a shock tube may be found in the note by Mauu, Geiger, and Epstein, Phys. 
Rev* 74,1872 (1948^. Mach number here is 2.5 and therefore must occur b^iind the cold front. This has been confirmed by 
private oommumcauen. 
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the attached bow wave, and (3) the fringe shift across 
the incident shock wave (by taking an earlier picture in 
which this shock front is visible). A detailed comparison 
of the bow wave method with the others has not yet 
been made but in the one case where we have data the 
i^peement is satisfactory. 

USES OF THE SHOCK TUBE 

It will be readily apparent that the shock tube is a 
useful device for studying a great variety of problems 
in fluid dynamics. First may be mentioned the prop- 



Fio. 10. IJrawing to scale of the pressure configuration a short 
time after rupture of the diaphragm. {=0.67. 


erties of shock waves themselves such as propagation, 
structure, interaction with other shock waves and 
with boundaries between different media or walls. In 
the field of chemical kinetics it lends itself to the in¬ 
vestigation of problems of detonation and allied phe¬ 
nomena. The tube may be used as a wind tunnel with 
a Mach number variable over an enormous range, it 
being a particularly advantageous arrangement for the 
investigation of phenomena of a transient nature such 
as the growth of boundary layers and the approach of 
a flow toward a steady state. It is uniquely suited to 
the study of flows in the transonic region. 

Among the more mechanical applications for which 
the tube has been used are the calibration of shock wave 
pressure gauges both of the kind that are immersed in 
the stream and those mounted flush with a wall, in¬ 
cluding mechanical and electrical types. Details of the 
mechanism of the deformation and bursting of dia¬ 
phragms when struck by a shock wave have been 
elucidated with the help of this device. The damaging 
effects of blast waves on models and the diffraction of 
shock waves around obstacles may also be considered. 

One can speculate on many other applications but 
those mentioned above have already been demonstrated 
by experiment. 

The evolution of the shock tube technique at Prince¬ 
ton is the result of the contribution^ of a number of 
people working together on a project begun early in 
the war and supervised by one of us (WB). We par¬ 
ticularly wish to acknowlmlge our indebtedness to the 
wodt G. T. Reynolds, A. H. Taub, L. G. Smith, 


C. W. Lampoon, J. C. Fletdier, W. T. Read, R. G. 
Stoner and R. J. Emrkh. 


APPBlfDIX. THEORETICAL RELATIONSHIPS 


For coovenience and completeness the quantitative or theo¬ 
retical relations most useful in explaining the operation of the 
shock tube and in carrying out its design are summarised below. 
No attempt Is made to give proofs since most of these may be 
found in standard texts on fluid dynamics. Although many of the 
elements of a theory of the shock tube have been worked out 
independently by several people we are indebted to A. H. Taub 
and his work with us in 1^2 for the results given in this 
Appendix.** 

Let us denote by the density, pressure, and temperature 
on one side of any shock wave and let p**P**V* denote the same 
quantities on the other side. Also let v* and v*^ be the com¬ 
ponents of the flow velocity perpendicular and parallel to the 
shock front on the two sides respectively. Considerations of the 
conservation of mass, momentum, and energy lead to the so- 
called Rankine-Hugoniot equations.’’ 

( 1 ) 

4'') r'-r", (2) 


where V is the velocity of the shock wave, m is the rate at which 
matter passes through unit area of the shock front and E is the 
internal energy per unit mass. The direction of V is always into 
the region of lower pressure. 

In the shock tube, of course, the medium ahead of the shock is 
at rest and its temperature and pressure are easily measured. The 
equation of state then fixes the density, Hie measurement of one 
other of the variables in £qs. (i), (2), and (3) such as V completely 
determines all the others. In terms of the notation of Fig. 10 and 
assuming the equation of state to be that of a perfect gas 


(rAo)*-Cr-l'f{y+l)/l3/2y 
«(l+6/f)/7 for r-7/5, 


(4) 


where and y is the ratio of spedfic heats which for air 

may be taken as 7/5. The density ratio on the two sides of the 
sho^ is given by 

P/Pff- Cr-f i+(y- DH-r-1] 

for t-7/5. 


The Mach number u/c of the flow behind the incident shock wave 
is given by 

-2S(I«$)V7(6|4-1) for t-7/5. 



Sm tlw H. Sdurdin, Phyrik. Zetts. S3, <K> (1932). 
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For strong shocks the Mach number approaches a limiting 
value of 1.S9 lor ah assuming 7 « 7/5. 

Again referring to Fig. 10 t^ velocity of the medium toward 
the right as a result of the rarefaction progressing toward the 
left (subscript 2 ) is given by 

uhx « 2C1 - 1), (7) 

where Ci is the q>eed of sound in the undisturbed medium into 
which the rarefaction is going. ci is used in place of the co used in 
the figure since the gases separated by the disphragm may have 
been different e.g., helium and air; this leads to the introduction 
of 7 i for the gas originally at the higher pressure and 7 for the 
other. If we let ct be the local velocity of sound after the rarefac¬ 
tion has passed, we nmy substitute for ci by the relation 

( 8 ) 

and obtain the Mach number of the flow in this region 

13/(7x- 1) 

«5[(P,/P)i/^-13 for 71*7/5. 

It will be noticed that as (Pi/P) increases without limit the Mach 
number does likewise to the approximation that 7 remains 
constant. 

Eliminating the velocity u in Eqs. (6) and (7) one obtains a 
relation between Po/Pi and L 

Pt/Pt - $Cl-co(7i- l)(l- UAiC27€{I(7“ 1) 

With air in both chambers at room temperature, Ci««Coand 71 
“* 7 « 7 / 5 , the equation reduces to, 

Po/Pt-€Cl-(l~U/C7«t-f6)]*]^ (11) 

From (10) or (11) the shock strength may be estimated from the 
starting pressures. A curve plotted from (11) is shown in Fig. 7. 

If we let n be the fringe shift, measured in units of one fringe, 
caused by a change in density in the region of interest then 

a-(frWX)(p/po-l), (12) 

where I is the width of the tube, po the density in the undisturbed 
region, X the wave-length and K the Gladstone-Dale constant. 
(JCp*»M“ 1» where p is the index of refraction.) In terms of L 

n« 2 (m,- 1)(//X)(po/p.)( 1- «/[7“ 1+ (7-f m n 

«S(p.-l)(//X)(po/p.)(l-U/(14-6U, 

where the subscript s refers to some standard condition. 

A good way to picture the various effects which take place in 
the shock tube is to make a time-distance plot. This is done in 
Fig. 11 for a particular shock strength |«0,4 for air in both 
chmbers of the tube. The abscissae are in terms of the ratio 
L/Lx of the distance of the diaphragm from the point of observa¬ 
tion to the length of the high pressure chamber while the ordinates 
are given by d^/Li also a pure number. The curves give the posi¬ 
tions of various features as a function of time. It is assumed that 
the diaphragm breaks in an ideal manner and the computations 



Fig. 12. Critical tube length for catch-up of the rarefaction. 

are made using the relations given above together with the results 
in a paper by Taub.“ 

The shock front ( 0 ) travels down the tube a long way with 
uniform speed. Behind it is a region of tiniform flow of Mach 
number 0.614. The leading edge of the rarefaction (b) travels 
back to the closed end at uniform speed co, is reflected there and 
passes through the rarefaction along (c). It then proceeds at 
uniform speed (d) through the cold gas until it strikes the cold 
front where after some reflection it proceeds along (e) in the hot 
gas until it intersects the shock front. The trailing edge of the 
rarefaction follows in a similar way the path (/, g, A, »)* For very 
strong shocks this edge starts forward instead of backward. The 
cold front moves forward at uniform speed along (j) leaving 
behind it a region of uniform flow of Mach number 0.825 until 
overtaken by the leading edge of the rarefaction after which it 
starts along a curved path (^). A reflection (/,m) occurs here. 
Since this is a somewhat idealized picture it is pointless to try to 
trace the events further. However, the chart is useful in predicting 
such things as the duration of the steady flow behind the shock 
front given by the vertical distance between (tf) and (e) or be¬ 
hind the cold front given by the vertical distance between (J) 
and (d). 

Similar plots may be made for other shock strengths and it 
will be found that the shape of the various curves varies con¬ 
siderably with this strength. For both weak and strong shocks 
the point at which the rarefaction catches the shock front occurs at 
larger values of L/Li than shown in Fig. 11. The way the catch-up 
point varies with shock strength is illustrated in Fig. 12 where 
the curve, for design purposes, has been estimated on a more 
conservative basis since the diaphragm does not break in the 
ideal way assumed in Fig. 11. Experimental results of Lampson^^ 
over a limited range of ^ agree with the curve of Fig. 12 within 
about five percent. 


“A. H. Taub, Annal. Math. 47, 811 (1946). 
w C. W. Lampson, OSRD Report 4754 (February. 1945). 
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Following an introductory sketch of the application of the pneumatic infra-red detector to spectrometry, 
the absolute sensitivity of a pneumatic detector is calculated for the case of an infinitely extended fiat heat 
cell The calculated r.m.s.e.n.i. is seen to be in good agreement with the experimental results. 


INTRODUCTION 

I N practical spectrometric applications the pneumatic 
iiifra-red detector^ is utilized in an arrangement* 
which embodies the so-called chopped beam method, 
and which presents the advantage of eliminating many 
sources of thermal drift. Figure 1 illustrates sche¬ 
matically this arrangement, as well as the essential 
elements of the detector. It will be observed that the 
chopping disk serves to interrupt not only the radiative 
beam from the infra-red source, but also the path be¬ 
tween a photo-cell and its exciter. This serves to 
generate a synchronizing signal which controls the 
action of a flip-flop circuit, the two respective outputs 
of which are mixed on the grids of a double wave recti¬ 
fier with the signal output and an inverted signal out¬ 
put. Thus, synchronous rectification (heterodyning 
down to dx.) and linearity through zero are obtained, 
without the need of break-make contacts or other 
moving parts except the one chopping disk. 

The d.c. output is fed to a commercial recorder, and 
it has been observed that when the optical line grid of 
the detector is shifted from the position of maximum 
sensitivity, at which the opaque portions of the line 
grid are imaged on the clear portions by the meniscus 
lens and the flexible mirror, to the position of zero 
sensitivity, at which the images of the opaque portions 
straddle the separations between the opaque and clear 
portions, the recorded noise decreases appreciably. 

The circumstance just mentioned indicates that the 
thermal agitation of the flexible mirror, which, within 
the frequency band of observation, reflects the thermal 
agitation of the pneumatic cell, is directly observable 
and forms the essential component of the noise of the 
detector. Therefore, the attainable signal-to-noise ratio 
of a pneumatic detector designed for the frequency 
range utilized in the application mentioned above (10 
c.p.8.) can be concluded from a study of tKe pneumatic 
circuit of the detector per se. 

Incidentally, the displacement of the flexible mirror 
corresponding to the recorded noise is of the order of 
IQ-io This figure is obtained from an estimate of the 
amount of displacement of the flexible mirror within 
the band width of observation, and is considerably 
smaller than the total r.m.s. displacement of the flexible 

* The expmmental phase of the work reported here was carried 
out at the fopley Laboratory, Inc. 

* Mim»l J. E. Golay, Rev. id. Inst. 18, 347-362 (-1947). 


mirror representing the surface tension energy ^kT 
stored in it, on the average. 

EQUIVALENT CIRCUIT OF A FLAT 
PNEUMATIC CELL 

If it were possible to have a cell bounded by reflecting 
walls and an infra-red window made of perfect heat- 
insulating materials, and filled with a gas which is 
transparent to infra-red radiation, a radiation-absorbing 
membrane placed within this cavity would form the 
only means of heat interchange between the cell gas 
and other objects, in this case, the objects in the back¬ 
ground viewed through the window. An optical system 
such as the one illustrated by Fig. 1 could then serve 
to obtain a measure of pressure changes of the gas due 
to known changes in the thermal background of the 
absorbing membrane, or due to the fluctuations of 
radiation interchange between the membrane and a 
background at constant temperature. Under these con¬ 
ditions it is expected that the signal-to-noise ratio of 
the detector would be limited essentially by the mean 
square radiation fluctuation between the ab¬ 

sorbing membrane and its background, which is given 
by the classical formula: 

(AP)^-16)feife,P5A/, (1) 

where Boltzmann constant, Jfei=«Stephan-Boltzmann 
constant, absolute temperature of the background 
(and of the membrane and the cell gas), 5>«area of the 
membrane, and A/» frequency band of observation. 

Except for the small amount of additional noise in¬ 
troduced by the optical detecting system, the arrange¬ 
ment just postulated would form an ideal infra-red 
detector. For actual pneumatic detectors, the most im¬ 
portant departure from an ideal detector is due to the 
circumstance that perfectly insulating walls are non¬ 
existent. The heat conductivity as well as the specific 
heat of practical wall and window materials are both so 
much higher than those of any gas that it can be con¬ 
sidered that the walls of the cell form a ‘‘thermal 
ground” in the equivalent thermal circuit. A relatively 
simple, yet rigorous theory of the effect of these 
therlnal grounds on the absolute sensitivity of the 
pneumatic detector, i.c., its signal-to-noise ratio as a 
percentage of the signal-to-noise ratio of an ideal de¬ 
tector, can be derived for the case of a flat cell, the 
depth of which is negligibly small when compart to 
its other dimensions. A radiation-absorbing membrane 
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is to be imagined in the median plane of this cell, at a 
distance xo from both top and bottom, and all held 
quantities such as temperature and gas density dif¬ 
ferentials can be expressed as functions of a single 
parameter x which represents the distance of the par¬ 
ticular point considered to the median plane. 

Figure 4 of reference 1 illustrates the equivalent cir¬ 
cuit of a heat cell with lumped elements, in which a T 
transforming network has been inserted between the 
thermal and the pneumatic elements. By multiplication 
of, for instance, the thermal parameters, by proper co¬ 
efficients, the transforming network can be dispensed 
with, and we obtain the simpler network illustrated by 
Fig. 5 of reference 1. 

When account is taken of the distributed character 
of the various thermal and pneumatic elements, the 
more complicated network represented by Fig. 2 is 
obtained, underneath which the various symbols utilized 
are defined. The heal capacity at constant volume of 
the gas is contmuously distributed along the tempera¬ 
ture “divider” representing the heat conductivity of 
the gas. The difference between the heat capacities at 
constant pressure and at constant volume, which cor¬ 
responds to the pneumatic work done (or received) by 
the gas, is represented by the multiplicity of condensers 


with a common terminal connected to the flexible 
mirror which forms the detecting element. For some 
purposes this detecting element will be imagined re¬ 
moved and replaced by an element 0 designed to 
measure the pneumatic impedance of the cavity. 

The various elements of the equivalent circuit of 
Fig. 2 can be either thermal or pneumatic elements, 
depending upon whether the circuit is examined for 
its thermal or pneumatic properties. Both the thermal 
expression and the equivalent pneumatic expression 
have been given for each element, and these are con¬ 
noted by the subscript th or pn appended to the 
brackets containing these various expressions. All these 
expressions refer to a cell having unit area, or to a 
cylindrical portion having unit cross section within an 
infinitely extended cell. 

It will be recalled that Rr has the dimensions of a 
temperature differential over a heat flow differential 
(per unit area) times the absolute temperature^ and that 
C has the dimensions of a heat capacity (per unit area) 
divided by the absolute temperature. This is for the purpose 
of maintaining the analogy between a thermal power 
(per unit area) AP/i?r and an electrical power V^/Ry or 
between a thermally stored available energy (per unit 
area) JCAT^ and an electrically stored energy JCP. 



Fic. 1. ^plication of the pneumatic detector to L R. spectrometry. 
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Fio. 2. Equivalent thermopneumatic circuit of a flat heat celi. 


Rf —thermal tadiatlon retiiftanoe between unit area of abtorblog mem< 
brane and background, or heat retiatanoe per unit area timea ab> 
aotute temperature (erg~i cm* tec. r*). 

C—Thermal capacity per unit area of abaorblng membrane, or heat 
capacity per unit area divided by abtolute temperature (erg cm"* 
T“*>. 


cp —Specific heat at constant preesure of unit volume of gas (erg 
cm-* r-»). 

r«~Specidc heat at consunt volume of unit volume d gas (erg 
cm-* r*o. 


r—RatIo of ipeclnc heaU. 

p--Cas pressure (erg cm"*). 

s^Hest conductivity of gas (erg cm"* sec."* T"*). 


As an example of the qualitative use to which the 
circuit of Fig. 2 can be put, consider that the pneumatic 
impedance of the cell is measured by means of the 
device p. At very low frequencies the impedance of the 
shunt resistance Rc will be negligibly small compared 
to the various capacities to ground A*/ (y—l)p and the 
capacity of the cell** will be Ix^/p., corresponding to 
isothermic compressions and expansions. Conversely, 
at very high frequencies the circuit to ground will be 
completed through the low impedance capacitive paths, 
and the capacity of the cell will be 2xt/yp, correspond¬ 
ing to adiabatic compressions and expansions. Like¬ 
wise, the effective thermal capacity of the gas elements 
distributed along Rc will be greater when 0 represents 
a straight shunt to ground, that is, when the cell is 
opened to the outside, than when 0 (and the flexible 
mirror), are discotmected, corresponding to a her¬ 
metically closed cell. 

EFFICIENCY OF THE CELL 

The thermal input to the cell is represented by the 
temperature differential AT in series with the radiative 
resistance R„ and the available thermal power is given, 
in analogy to the electrical circuit, by the expression 
i(jlP/Rr). The temperature differential AT will raise 
the pressure of the closed cell by an amount Apt. If 
the impedance of the cell, as measured by 0, is Rpu 
+JX pn, the power derivable from the cell will be 
iiAPi^Rpa), since the imaginary lossless component of 
the impe^nce can be canceled by adding to the circuit 
another lossless element of opposite sign. The ratio of 
this last power to the former power will be the efficiency 
of ffie c^. As efficiency refers to energies while sensi¬ 
tivity refers to amplitude, the absolute sensitivity of 
the cell will be the square root of the efficiency. 

It must be noted that considerations of thermal 

•• The expreidoa “per unit area” ia impUed throughout. 


agitation need not be introduced in these calculations, 
for they are fully implied by the equivalent circuits. 
Thus, a temperature fluctuation, \AT^i,-AJtTRrAf 
exists across any thermal resistance Rr-, likewise, a 
pressure fluctuation (A^)*,*® AkTRjmAf exists across any 
pneumatic resistance Rpn, and these expressions may be 
utiliaed to calculate the magnitude of the observable 
fluctuation. Conversely, the concepts of efficiency and 
absolute sensitivity are related to ratios of such fluctua¬ 
tions, and these ratios can be inferred directly from the 
circuit constants. 

Since the amount of gas in the cell and, therefore, the 
value of the distributed capacity, are controllable, the 
values of these distributed capacities can be assumed 
to be so small as not to affect appreciably the time con¬ 
stant of the circuit which is then determined by Rr, 
Rf, and C. 

The temperature differential ATi developed across 
R, will thet^ore be equal to: 


ATi-- AT 

Rr->rRr-\-jwR,R/:: 

1 

--. ( 2 ) 

l+o+i* 

where a’»Rr/Rt and b"‘V)RjC, 

The pressure differential Api generated within the 
cell will be equal to the average temperature differential 
developed along Rn, \ATi, times p/T : 


1 1 ATp 

i^Pim -. 

2 l+o-l-yt T 


( 3 ) 


The determination of the cell impedance can be 
made by sdving the differential equatbn relating the 
tenq>eratuie distributo throughout the cdfl to the 
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flow of heat to or from the gas masses: 

cr(d^AT/dx^)^jwA.Qy (4) 

where AQ designates the quantity of heat delivered to 
a gas mass of unit volume. 

The gas equation for a unit volume of gas under¬ 
going small temperature and pressure fluctuations can 
be written: 

{p+Ap){l-Ap)^Ro{T+An (5) 

where Ap and Ro designate the fractional density 
change and the gas constant per unit volume, re¬ 
spectively. 

The differential quantities involved in (5) are related 
by 

Ap—pAp=RoAT. (6) 

Furthermore, Ro and AQ satisfy the relations: 

Ro^Cp—c, (7) 

AQ-^c^AT-pAp. (8) 

From (6)-(8) we obtain 

AQ^CpAT-Ap. (9) 

Substitution in (4) of this last expression for AQ yields 
a{ipAT/d3^) — jv)CpAT—jwAp. (10) 

The general solution for AT : 

AT =* A sinh^JcH- B cosh)fea:+ (Ap/Cp) (11) 

where 

ife*C;Wp/<r)‘ (12) 

must satisfy the boundary conditions: 

AT^^O at x^xq (13) 

and 

2<r{dAT/dx)=-AT/Z at *=0, (14) 

where 

l/Z»{T/Rr)+TjwC. 

Solving for A and B we obtain 




8inhA*+sinh*(*o—*)+2fcrZ coshi* 

sinhj5!*B+2A(rZ coshlwo 



Equations (S)“(7) and (15) give for Ap: 

Ap AT Ap 
p T “yp 

7—1 Ap sinhjfeap+sinhi(rt:o“i<f)+2A^^ coshA«? 

X-.(16) 

y P k smhkxii+lk^ffZ coshAaPo 

The vi^ume of gas, Aff, introduced in the cavity as a 
leault of the application of a pressure differential Ap, 


is given by the integral: 


At?«2 




7 — 1 Ap 2(coshifexo— l)+2kZ sinhA:ro 

+ 2-;-. (17) 

7 p ife sinhAjCo+2A*<rZ coshifea:® 


The capacitance of the cavity is equal to the ratio 
Av/Ap and is thus seen to consist of a fixed term 
2x(i/yp and of a variable and complex term. A plot of 
the real and imaginary components of this complex 
term can be found in Fig. 6 of reference 1. 

The impedance -Rpn+i^pn of the cavity is equal to 
the ratio: 


Rpn+jXj,n^ {Ap)/(JwAv), (18) 

As we have seen above, the pressure of the gas can 
be made arbitrarily low, and the series development of 
sinhAxo and coshkxo can be limited so as to introduce 
no terms containing powers of k higher than 4 in the 
numerator and in the denominator of Ihe last fraction 
of (17). Carrying out these calculations yields for the 
second approximation of Rpn+jXpn 




2jwxfi 24 


1 / l\{CpXoM+&CpZ 

A'-J 


l+2(aZ/xo) 


p ^ jA Rf-\~4JtrA'jV)RrR/J 

’’ijwxo'^ nr i+(Rr/Rc)+jwRx: 

p pA Rr l+Aa+jb 

—+-r- 

2jwXt) T* 12a l-|-0"l“j5 • 


(19) 


When a thermal source causes a pressure differential 
Ap\ within the closed cell, the available energy can be 
cdculated as \Ap^/Rpn. Recalling (3), the efficiency « 
of the cell can be calculated as: 


J(Ar»/Rj) 3a 

-«-. (20) 

liApxVRpp) (H-a)(l+4a)+i* 

Were the choice of a entirely at our disposal, this 
choice should be determined by the maximization of 
(20) which would give: 

a-Kl+A*)* 

and 

e-3/[5+4(l+i’)‘3. (21) 

DISCUSSION 

The expression (21) given for e indicates that the 
efficiency of a flat pneumatic cell with walls forming a 
thermal ground can be as high as one-third, when b is 
negligibly small. This can be interpreted as meaning 
that the signal-to-noise ratio of a pneumatic infra-red 
detector embodying such a cell and having a perfectly 
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absorbing central membrane has a ceiling equal to 
1/VJ»57 percent of the signal-to-noise ratio of an ideal 
infra-red detector at room temperature.*** 

For spectromctric applications in which the chopped 
beam method is used, the parameter b is of the order 
of unity at 10 c.p.s., corresponding to a time constant, 
RrC of the order of 0.02 sec, for the absorbing membrane 
in radiative equilibrium with its background. Thus an 
optimum value for a would be of the order of 0.7. 
Using one of the least conductive gases available, 
xenon, ((r=« 0.000011 cal. cm"^ sec.“^ this value of 
a would require a spacing of 0.09 in, between the radia¬ 
tion absorbing membrane and both walls of a flat 
cell.**** As the thermal shunting effect of the side wall 
can be judged to become appreciable when the total 
depth of a round cell approaches its diameter, it can be 
expected that the ceiling of 57 percent of ultimate 
signal-to-noise ratio will be approached by cells which 
are 1 cm or more in diameter and which contain a 
black membrane. 

Conversely, the expression for e is not critically de¬ 
pendent upon a for small departures from the optimum 
value. Round xenon-filled cells intended for spectro- 
metric applications have been constructed, with a J-in. 
diameter and a 0.050-in. separation between the ab¬ 
sorbing membrane and the infra-red window, the back 
portion of the cell being made hemispherical. Taking 
into account the thermal shunting effect of the walls, 
a value a=2 has been estimated for these cells, and 

*** It will be recalled that the signal-to-noise ratio of an ideal 
detector at room temperature is limited by the radiation fluctua¬ 
tions to and from the detector, and that the elimination of the 
fluctuations of the emitted radiation of an ideal detector operating 
at absolute zero and viewing a thermal background at room tem¬ 
perature would increase its signal-to-noise ratio by the factor ^ 
over that of a room temperature device. 

**** It may be easily verified, and convenient to remember that 
the conductive heat interchange between two surfaces separated 
by a 0.03 in. thickness of xenon gas is equal to the radiative heat 
interchange between any black surface and its background. 
Hence, for a«0.7, the optimum half-thickness of a xenon-filled 
flat cell is calculated as 2(0.03/0.7) in.^0,09 in. 


taking the expression for e gives 6/28 or 0.46 
for (e)*. 

It has been found experimentally that detectors with 
ceils having the dimensions just indicated and a re¬ 
sistive radiation absorbing membrane have a r.m.s.e.n.i. 
of 5X10"^^ watt, when utilized with the arrangement 
illustrated by Fig. 1. This r.m.s.e.n.i. was estimated 
from visual observation of the rectified output re¬ 
corded by a Brown electronic recorder. 

Estimating the value of A/as 0.1 c.p.s. and the value 
of 5 as 7 mm* to allow for a narrow less sensitive por¬ 
tion near the edge of the cell, the value of ((A/*)m)* 
given by (1) is 5X10”^® watt. The order of magnitude 
difference between this and the observed value can be 
accounted for fairly well by the product of the following 
factors: 


'I'he theoretically expected fraction of ideal signal- 
to-noise ratio as determined above: 0.46 

The estimated^fraction of energy absorbed by a re¬ 
sistive sheet (theor. 68 percent when the back portion 
of the cell is perfectly reflecting): 0.65 

The loss due to the use of the chopj)ed beam method 
with utilization of the fundamental harmonic only 
(theor. V2/ir); 0.45 

The window reflection losses: 0.92 

The product of all these factors is: o!T2 


It may seem regrettable, at first glance, that the non¬ 
availability of gases having a lower heat conductivity 
than xenon does not permit the construction of efficient 
cells with a sensitive area having the shape and size of 
the image of the exit slit of a conventional infra-red 
monochromator. However, when the signal-to-noise 
ratio of the detector and the radiative output of the 
monochromator are at a premium, the multi-slit prin¬ 
ciple* can be used for the purpose of increasing the 
available infra-red radiative output of the mono¬ 
chromator without loss of resolving power, and the 
square or broadly rectangular bundle of radiation then 
obtained can fill fairly efficiently the sensitive area of a 
round cell. 

^Marcel J. E. Golay, J. Opt. Soc. Am. 39, 437 (1949). 
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A microwave spectrograph is described in which the absorption of the gas being studied is modulated by 
the application of a periodic Stark<effect field so that the output of the crystal detector contains a radio- 
frequency component which can be amplified with a narrow-band amplifier. By using a very narrow band¬ 
width, achieved by employing phase-sensitive detection, high sensitivity is obtained. The klystron is swept 
mechanically over the frequency range. Details of the components are given. 


INTRODUCTION 


PRINCIPLE 


A NUMBER of investigators have described equip¬ 
ment for the study of the absorption spectra of 
gases in the centimeter wave-length region.^ The earliest 
of these consisted of a klystron oscillator to supply the 
microwave energy, a wave guide section with mica 
windows (or a tuned cavity) to contain the gas, a crystal 
detector to rectify the ultra-high frequency radiation 
traversing the sample, and a low frequency or d.c. 
amplifier to amplify the rectified signal. The energy 
transmitted through the wave guide was measured as 
a function of frequency. Later most investigators have 
displayed the amplified voltage on the vertical plates 
of an oscilloscope while a saw-tooth voltage was used 
on the klystron reflector grid to sweep the tube ovef a 
narrow frequency range and was also used to sweep the 
oscilloscope spot horizontally. If a sufficiently strong 
and sharp absorption line of the gas occurs in the fre¬ 
quency region being covered, it will be seen as a pip on 
the oscilloscope trace. This arrangement has the ad¬ 
vantage of simplicity, but it lacks the necessary sensi¬ 
tivity, unless additional refinements are introduced. 

To provide greater sensitivity without losing in con¬ 
venience, a system making use of the Stark effect to 
assist in the detection of weak absorptions has been 
described briefly.® It is the purpose of the present paper 
to describe in detail a more recent form of such a Stark 
effect spectrograph. 


* Now at the Westinghouae Research Laboratory, East Pitts¬ 
burgh, Pennsylvania. 

** The research reported in this document was made possible 
through support extended Harvard University by the Navy 
Department (Office of Naval Research), under Office of Naval 
Research contract NSori-76, T. O. V. 

^B. Bleaney and R. P. Penrose, Proc. Roy. Soc. 189A, 358 
(1947). R, Beringer, Phys. Rev. 70, S3 (1946). W. D. Hershberger. 
J, App. Phys. 17, 495 (1946). W. E. Good, Phys. Rev. 70, 213 
(1946). C. H. Townes, Phys. Rev. 70, 665 (1946). W. Gordy and 
M. Kessler, Phys. Rev. 71, 640 (1947). Other types of ^ecUo- 
grwha have been described by: G. £. Becker and S. H. Autler, 
rays. Rev, 70, 300 (1946). Roberts, Beers, and Hill, Phys. Rev. 
70,112(A) (1946). C. K. Jen, Phys, Rev. 72,986 (1947). W. Gordy 
and M. Kessler, Phys. Rev. 72, 644 (1947). R. J. Watts and D. 
Wiffiams, Phys. Rev. 72, 1122 (1947). W, Gordy, Rev. Mod. 

Hughes and E. Br^ht Wilson, Jr., Phys. Rev. 71, 562 
(1947). W. Low and C. H. Townes, Phys. Rev, 75, 529 (1949) 
briefly (tarribe a recording Stark-effect spectrogri^h making use 
of phluw-aensitive detection, mechanical sweq)ing and frequency 
auSkora. 


The basic principle used is the modulation of the 
absorption of the gas at a low radiofrequency by the 
application of a square wave voltage to an electrode in 
the wave guide, thus creating a time-dependent, alter¬ 
nating Stark effect. This introduces a modulation of the 
microwave energy at a low radiofrequency in the 
vicinity of absorption lines. After rectification by a 
microwave crystal, the signal is amplified and detected 
by a narrow-band radio receiver or b}" a tuned radio 
frequency amplifier followed by a phase-sensitive de¬ 
tector, and applied to the vertical plates of an oscillo¬ 
scope. The horizontal plates of the oscilloscope are 
swept by part of the saw-tooth voltage sweeping the 
reflector grid of the klystron. For the highest sensitivity 
a pen and ink recorder is used together with an amplify¬ 
ing and detecting system with a very narrow band 
width, the frequency being swept by a mechanical drive 
on the klystron. The spectrum observed is considerably 
more complicated than that given by the simpler spec¬ 
trograph, but, on the other hand, correspondingly more 
information is displayed. Figure 1 gives the block dia¬ 
gram for the Stark-effect detection scheme. 

CONSTRUCTION 

In this section the construction of one spectrograph 
of the Stark-effect modulation type will be described in 
some detail. Alternate arrangements which have been 
found useful are given in the last section. The electronic 
apparatus generating the microwave energy is quite 
conventional. A QK33, AT-band tube, operated by a 
TVN-8 power supply is used. A few percent change of 



Fig. 1. Narrow band Stark effect spectrograph. 
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frequency is accomplished by turning the tuning knob 
on the tube. By releasing the tuning set screw, a much 
larger range can be covered, usually from around 20,500 
to 26,000 me. Unfortunately, tubes are sometimes 
ruined on releasing this screw because of the develop¬ 
ment of internal short-circuits. A QK140 tube is used 
from 26,000 to 30,000 me. Other tubes can be obtained 
to cover a wider frequency range. A saw-tooth voltage 
sweeps the tube over a mode which varies from around 
S to SO me in width. 

Since components of the modulation frequency in the 


fitcTnC£ cpmtrertoN sgcrtCM 


Tig. 2. Detail of wave guide cross section. 

case of electronic sweeping are much too high to pass 
the narrowest filter, when it is used, tuning is ac¬ 
complished by means of an electric motor connected 
mechanically to the ordinary tuning knob of the klys¬ 
tron. The arrangement consists of a 110 volt d.c. motor 
geared down 3600/1 driving the timing shaft by means 
of a flexible coupling shaft. This allows sweeps as low 
as 0.1 mc/sec. to be employed. Brush contact noise will 
very likely produce interference unless precautions are 
taken to shield the receiver or to decrease the brush 
discharge. In addition, the klystron must be mechan¬ 
ically isolated from the driving motor. 

Absorption Cell 

The absorption cell for the gas, which is the wave 
guide with the Stark electrode, consists of an .ST-band 
wave guide with outside dimensions IXi inches with 
an electrode installed in the center. See Fig. 2. The type 
of electrode which has been customarily used consists of 
a flat strip of brass parallel to the broad side of the 
wave guide, dividing the guide into two equal parts. The 
strip is a piece of flat soft brass 0.800 inches wide and 
0.032 inches thick with a length almost that of the guide, 
which is 10 feet long. Pieces of Teflon, a plastic of low 
electrical loss and considerable chemical inertness, 0.394 
inches by 0.0625 inches, 1 foot bng, were provided with 
a groove 0.032 inches wide and 0,034 inches deep along 
the center of one face. The accuracy of the milling 
^ould be such that the central electrode is within 0.002 
cm of the center of the wave guide. This groove was 
produced by completely enclosing the Teflon strip in a 
metal jig, the top of which has a slot through which 


the circular cutting tool may machine the groove. These 
pieces were placed along the narrow sides of the guide 
to hold the electrodes in place. In order to prevent arcing 
between the joints of these pieces, a continuous length 
of Teflon tape 0.394 inches wide and 0.020 inches thick 
was inserted between the pieces and the wall of the 
wave guide. As lengths of Teflon tape as long as the 
wave guide and 0.0625 inches thick are now available, 
a simpler construction could be employed by means of 
a single supporting Teflon strip. The electrical connec¬ 
tion to the brass electrode was made by a wire soldered 
to its edge at one end and then passing through a small 
Kovar tube supported in a Kovar side tube by a glass 
bead. The details of this connection are shown in Fig. 2. 
A vacuum connection through a metal-to-glass Kovar 
seal was soldered to the broad side of the wave guide as 
shown in the figure. The opening through the guide was 
in the form of a slot 0.0625 inches by 3.75 inches. The 
ends of the cell were made gas tight with windows of 
mica sealed ontoHhe flanges with a low-melting wax. 
Transformer sections as shown in Fig. 2 are needed in 
order to connect the A^-guide to the normal K-band 
guide used for the rest of the microwave circuit. A 
K-band wave guide of the same general construction as 
that of the X-wave guide described above, has also been 
successfully used. The X-guide has the advantage of 
allowing lower pressures or higher powers to be used 
without encountering saturation effects, but has the 
disadvantage that a higher Stark voltage is necessary in 
order to secure the same potential gradient in the gas. 

Detection System 

After passage through the cell, the microwave energy 
is rectified by a 1N26 crystal using either a tuned or 
untuned crystal holder. The tuned one will increase the 
output over a small frequency range without retuning, 
but may decrease it for frequencies farther away. A 
microammeter is used to give a measure of the average 
current through the crystal and serves as a means of 
monitoring the power passing through the absorption 
wave guide. The signal strength depends roughly on the 
first power of this current. The microammeter is con¬ 
nected in series with a high impedance r.f. choke across 
the crystal output terminals. The crystal output is fed 
into a tuned 100,CXX) cycle amplifier* with a band width 
of about 100 cycles and a voltage gain of about a 
million. The 100 cycle band width prevents overloading 
the system with noise. The amplified signal is then 
rectified by a phase-sensitive detector locked to the 
100 kc sine wave taken from the square-wave generator 
through the phase-adjusting circuit. A schenmtic dia¬ 
gram for the phase sensitive detector* is shown in Fig. 3. 
The time constant of the phase-sensitive detector is 
approximately 1 cycle per second. This output is re- 

• Kadio Engineering (McGraw-Hill Book Company, 

Inc., New York, 1947), p. 338 ft. 

‘ Our c^t is a modification of M.LT* Radiation Labomtory, 
Drawmg No. B44292-A,'**Lodt4ii 30 cycle amplifier.” 
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corded by a Brown Recording Potentiometer (Model 
No, lS3xl2v-x-9). 

Although the pen and ink system with the narrow 
band width provides the highest sensitivity, it is more 
convenient when possible to operate at lower sensitivity 
with the 100 kc amplifier alone, without detection, 

Square-Wave Generator 

The interpretation of the spectra is much simpler 
when a square wave rather than when a sine wave is 
applied to the Stark electrode.* The square wave gener¬ 
ator should be capable of providing a signal of appro¬ 
priate frequency with a voltage adjustable from a few 
volts to about 1000 volts. Its power rating should be 
sufficient to permit it to feed the capacity of the wave 
guide which is of the order of 60 mmf per foot for the 
iiT-guide or 50 mmf per foot for the JY-guide. The wave 
form should be of quite high quality if broadening of 
the lines is to be avoided. It is particularly convenient 
if this generator can be built so that it is automatically 
zero based; in other words, so that the voltage applied 
to the wave guide is zero for half the cycle and of high 
positive voltage for the other half. A complete unit was 
built starting with a hundred kc crystal oscillator, suit¬ 


able amplifier, and switching stages to enable voltages 
up to 1500 to be applied to the guide. A detailed de* 
scription of this square-wave generator is published 
separately.* 

OPERATION 

In order to make the adjustments for optimum 
power, a unidirectional coupler in the main line takes 
some energy which is rectified, amplified by a Ballantine 
meter used as an amplifier, and observed on the Y axis 
of an oscilloscope, the X axis being fed by the saw-tooth 
voltage. A variable attenuator should be inserted before 
the crystal to facilitate adjustment. The mode should 
be a half-circle without any sharp discontinuities except 
at the ends. As sufficient sensitivity for searching for 
lines and adjusting the equipment can sometimes be 
obtained by observing the amplitude of the envelope 
of the output of the 100 kc amplifier on the oscilloscope, 
not using the phase-sensitive detector and recorder, the 
operation of this part of the equipment is discussed 
fimt. The voltage on the reflector grid is varied until a 
mode is found and then a small adjustment is made so 
that the mode is symmetric about the center of the 
oscilloscope. Tuning of the plunger in the end of the 



Cl 0.0005^1 
Ct 1.04 
Ct 0.014 
Ci 0.14 
Cl 0.5 4 
C. 0.0005 Mf 
Ct 0.00005 4 

Tt 5603 
or6SJ7 

r, siw2 

or6SN7 


Ri 2 Meg n 

R, 1500 0 

Rt 600 0 

Ri 2 Meg 0 

Ri 100000 

Rt 30000 0 
Rr 20000 0 
R$ 25000 Ovar. 

/?t 0.5 Meg 0 

Eis 2 Meg 0 

Rn 4000 0 

Rii 2000 0 var. pot. 

Ell 10000 0 

Rii SO 0 var. pot. 

Ell 1 Meg 0 var. pot. 


<The use 4 A square wave was suggated by Dr. Robert Karplus who designed and built the first generator used. 
Bailey fhys. Kcv, 72, 84 (1947), 

C. Hedrick, Riw. Sd. Inst 20^ 781 (1949). 
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QK33 may increase the power output and also improve 
the mode shape. Sharp discontinuities in ^e mode give 
a signal which is displayed on the spectrum oscilloscope 
as a sharp pip. Although these signds can be seen not to 
be lines from their shape, they cause the scope trace 
to be very unstable and in many cases prevent observa¬ 
tion of a true line. Discontinuities in the center of the 
mode are frequently caused by insufficient isolation of 
the tube from the Stark-effect guide. This is remedied 
by increasing the attenuation of the attenuator between 


made, frequency pips being recorded every 2.5 mega¬ 
cycles. If ammonia has ever been present in the guide, 
it will probably be found that the lines previously con¬ 
cealed below the noise level will provide a very ob¬ 
jectionable background on the chart. Considerably 
broadened, they may occupy a sizeable portion of the 
spectrum unless a method is found to reduce their 
intensity. 

MEASUREMENT OF FREQUENCY 


the two. The discontinuities at the end of the mode are 
removed by decreasing the sweep voltage so that the 
complete mode is not quite covered. 

When searching for weak lines for which the frequen¬ 
cies are not known, the order of the magnitude of the 
modulating square-wave voltage is important. A voltage 
should be chosen which will move the strongest Stark 
components about one line width. In general, a much 
higher voltage should be used if the substance shows a 
second-order Stark effect than if it shows a first-order 
Stark effect. Voltages from 1 to 10 volts are usually 
used with first-order effects whereas from 50 up to 1500 
volts are used with second-order Stark effects. 

The gas to be studied should be introduced into the 
ceU at from 0.01-0.1 mm Hg pressure. If the pressure 
is too high, the line breadth wiU be so great that the 
available Stark effect voltage will be insufficient to 
separate the Stark components from the main line and 
the intensity will, therefore, be low. If the pressure is 
too low, saturation may occur, again reducing the in¬ 
tensity. Also, at low pressures the lines may be so 
narrow that frequency instability becomes a serious 
difficulty in connection with the pen recorder. 

Difficulty may be experienced with the adsorption of 
the sample in the wave guide. If impure samples are 
used, the desired substance may be adsorbed to a large 
extent and the lines broadened by the impurity. The 
sample may have to be replaced often because of ex¬ 
change of gas between the sample and the insulation. 

When high sensitivity is required, for example to 
resolve a weak line viewed on the oscilloscope, the 
electronic sweeping is removed and the Brown recorder 
and phase-sensitive detector connected. Balancing con¬ 
trols then place the recording pen in the desired zero- 
signal position on the chart. Band width controls on 
the r.c. filter then select the desired band width while 
the speed of mechanical sweeping is adjusted so that the 
highest frequencies of modulation (depending upon 
anticipated line-widths) fall mainly within the pass 
band. Attenuation is carefuUy selected by adjusting the 
input to the Brown recorder since more gain can be 
employed with the recorder than with the oscillograph 
on account of. the greatly inproved signal-to-noise ratio 
of the former system. If the purpose of high sensitivity 
is searching over a wide ^quency range for weak 
absorptions, as much as 300 or more megacycles may be 
covered by first adjusting the power ou^ut over the 
range. When controls arc set, operation is fully auto- 


A A-band wave meter, either type TFK-6 or type 
TFK-2, can be inserted in the mode-monitoring side 
line, or in a separate one, for frequency measurements. 
If a tuned crystal holder is used, the plunger may be 
removed and a TFK-2 reflection-type wave meter con¬ 
nected to the end. The wave meter will then react giving 
a pip when the meter is in resonance. Two readings, 
one half-wave apart, are taken and by using the differ¬ 
ence, the frequency is found in the calibration table. If 
the wave meter does not react strongly enough or if the 
pip is too broad, it may be desirable to use a transmis¬ 
sion wave meter, TFK-6, before the crystal. Accurate 
frequency measurements may be made with the aid of a 
microwave frequency standard. Several of these have 
been described.^ In our case a 5 megacycle crystal- 
controlled oscillator is employed as the basic standard, 
checked frequently against WWV. A chain of frequency 
multiplier units raises the frequency successively to 25, 
125, and 675 megacycles, the last stage consisting of a 
pair of 2C40 tubes in push-pull. The 675 megacycles 
signal is carried by a cable to a crystal in a side branch 
where it is mixed with a portion of the main microwave 
signal. The beat frequency is amplified by a radio 
receiver (frequency range 1 to 42 me) whose output is 
introduced into a cathode-follower mixer stage along 
with the output of the main signal amplifier so that 
sharp spikes are introduced onto the cathode-ray screen, 
superimposed on the spectral lines. Switches are ar¬ 
ranged so that 5 and 25 megacycles can also be mixed 
on the crystal 

When the Brown recorder is to be used, frequency 
markers are placed on the side of the chart by means of 
a small d.c. relay to which a bail-point pen unit is 
attached. The relay is actuated by means of a plate 
circuit relay in the plate of a 6AB7 tube whose grid is 
controlled by the sharp frequency pips amplified by a 
Ballantine voltmeter. Thus a small ink mark appears 
upon the chart when the frequency difference of the 
klystron oscillator and a multiple of the frequency 
standard is equal to the receiver frequency setting. 
Another method which can be used is the actuation of 
the relay by means of a micro-switch controlled by the 
operator who views the frequency pips on the scope or 
listens to the output of the radio receiver. 


71, 326 

(1W7). W. E. Good and D. K. Coles, Phys. Rev. 71, 363 (1W7). 
Robert Uttterberger and W, V. Smith, Revf Sd. Inst ll>, 380 \t94B ). 
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INTBRFRBTATION OF OSCILLOSCOPE PATT£Rl!r 
OR RECORDING TRACE 

While it is experimentally simplest to use a sine-wave 
voltage on the Stark-effect electrode, the interpretation 
of the results is clearer and easier if a square-wave 
voltage is employed. Suppose the klystron to be swept 
over the small frequency range in the vicinity of an 
absorption line of the gas, and that a square wave volt¬ 
age of say 100 kc is applied to the electrode in the wave 
guide in such a way that the voltage is zero for half of 
each cycle and has some positive value for the other 
half. During the zero-voltage half of the cycle the gas 
absorbs some of the microwave energy (usually less than 
0,1 percent) at the frequency of the line. During the 
other half of the cycle, the absorption line is broadened, 
split, or displaced because of the Stark eflFect.® The ab¬ 
sorption during the second-half of the cycle at the stated 
microwave frequency is, therefore, reduced. Conse¬ 
quently, a small fraction of the microwave energy at 
the original line frequency reaching the crystal detector 
is modulated at the frtquency of the square wave. This 
modulated portion only is amplified and displayed on 
the oscilloscope screen or fed through the phase- 
sensitive detector and used as the input voltage to the 
recording potentiometer. Thus an absorption line on the 
oscilloscope or a similar displacement on the pen and 
ink recording is observed when the frequency of the 
klystron corresponds to the frequency of the absorp¬ 
tion line. 

On the other hand, when the microwave frequency 
coincides with that of the Stark components, modula¬ 
tion will correspondingly occur again, this time with 
opposite phase, i.e., the greatest absorption will occur 
when the Stark voltage is positive, none when the volt¬ 
age is zero. Therefore, bo^ unsplit lines and their dis¬ 
placed Stark components will be recorded. In the case 
of the oscilloscope pattern both the displaced and undis¬ 
placed lines will appear as similar pips while due to its 
ability to differentiate between the two phases, the 
phase*sensitive detector recording will show displaced 
and undisplaced components having opposite sense (see 
Fig. 4), As the 100 kc signal is proportional to the differ¬ 
ence tetween the absorptions on the two halves of the 
modulation cycle, the intensities of both undisplaced 
lines and Stark components will be decreased, some¬ 
times even to zero, when Stark components overlap the 
undisplaced line. Figure 4 shows the decrease in in¬ 
tensity due to the overlapping of Stark components and 
undisplaced line. It can be seen that as the Stark square- 
wave voltage is increased the Stark components spread 
out from the undisplaced line. 


Oi8C»S»' has been found at 22,239.93 MC.* This should 
have a peak absorption coefficient of 4.5X10^ cm"^, 
based on the natural abundance of this isotope and the 
reported® peak absorption of S.4db0.9X 10*® cm”‘ for ^ 
the 1—>2 transition of the principal isotopic species. 

Therefore, considering signal/noise ratios, it appears 
that this apparatus should be able to detect absorption 
coefficients as small as 2X10^. Without the phase 
sensitive detector and 1 cycle per second band width, 
lines can be detected with an absorption coefficient of 
approximately 10^ per cm, using a band width of about 
200 cycles. 

The ultimate sensitivity of the spectrograph depends 
upon the frequency stability of the microwave fre¬ 
quency source, providing the balanced d.c. amplifier is 
sufficiently free from fluctuations in voltage output. 
Thus spurious frequency excursions of the microwave 
source when the source is mechanically tuned to the 
frequency of the absorbing line give rise to effects 
similar to ordinary noise in the very low frequency 
portion of the spectrum. 

The sensitivity depends on the power transmitted 
through the absorption guide, the length of the absorp¬ 
tion path, the frequency of the Stark modulation, the 
adjustment of the crystal and its inherent sensitivity, 
the band width of the amplifying system, and the noise 
level arising from the klystron, crystal, amplifier, and 
external sources. Increasing the power ultimately causes 
saturation in the gas. Lengthening the guide decreases 
the power reaching the crystal because of wall losses, 
etc. (Sj)ecial designs of wave guide have been sug¬ 
gested which would permit quite long guides to be used 
and high power levels).Increasing the frequency of 
modulation decreases the crystal noise (per unit band 
width) but ultimately causes broadening of the lines.^^ 
The question of the optimum values of the above vari- 
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Fig. 4. (a) Recording trace of OCS tranrition /— 1, /— 2. Phase- 
aensitive detection serarates Stark components (above axis) from 
undi^laced line (below axis), (b) Oscilloscope trace of same 
tranrition using T, R. F. reedver. 


PERFORMANCE 

The abiolute sensitivity of the apparatus has l^n 
estimated by studying the various isotopic species of 
carbonyl sulphide. At room temperature a line due to 

* Ddcia, Good, and Coles, Phys. Rev. 70, 560 (1946). 


* This abeorption line has recently been reported by Bianco, 
Matlack, and Roberts, Phys. Rev. 76, 473 (1949) for enriched 
samples. 

* Townes, Holden, and Merritt, Phys. Rev. 74,1113 (1948). 

»• (a) W. D. Hershberger. J. App. Phys. 19,411 (1948). (b) W. 
Gordy. Rev. Mod. Phys. 20,668 (1948). 

** (a) C. H. Townei and F. R. Merritt, Phys. Rev. 72, 1266 
(1947). (b) R. Kaiplus, Phys. Rev. 73, 1027 (IM). 
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Fig. 5. Sine wave modulation. 


ables and the ultimate possible sensitivity have been 
discussed by several authors.*®*^* 

The line breadth and resolving power obtainable is 
limited by the gas pressure employed, the onset of 
saturation, the modulation frequency and ultimately by 
the Doppler effect.^®*" With X-guide and 100 kc modula¬ 
tion it has been possible to resolve lines 300 kc apart 
but doubtless better resolution can be obtained. 

ALTERNATIVE ARRANGEMENTS 

Besides the specific set-up described above, several 
spectrographs have been employed using certain 
modihcations. 

Use of Radio Receiver. The 100 kc amplifier can be 
replaced by a high quality communications receiver, 
such as a National HRO, Model 5TA1. Its crystal filter 
provides a narrow band width suitable for electronic 
sweeping and display of the output (taken from the 
second-detector of the receiver) on a cathode-ray oscillo¬ 
scope. The receiver must have low noise characteristics. 

Use of other Modulaiicn Frequencies. The choice of 100 
kc represents a compromise convenient for many pur¬ 
poses but use of frequencies as low as 6 kc and as high 
as 1 MC have been reported,^®* The sensitivity in¬ 
creases with increased frequency but so does the 
minimum line breadth. 

Use of Sine Wave Modulation. The Stark effect voltage 
used on the first spectrograph was a sine wave of from 
50 to 100 kc. A 10 foot X-band wave guide has a 
capacity of around 600 mmf so that the guide has an 
impedance of around 2,000 ohms. By resonating the 
guide with a high Q coil, in parallel, the impedance to be 
driven by the sine wave generator is raised to around 
200,000 ohms. It is much easier to apply a high voltage 
by sine wave than it is by square wave because the 
guide cannot be resonated when using sqfiare waves. 
The impedance for square waves is in the hundreds of 
ohms for the higher frequency components. Arrange¬ 
ments must be made to apply a d.c. voltage to the 
electrode also by means of an isolating resistor or choke. 

The line shapes observed with sine-wave modulation 
are in general more complicated than those obtained 
with square-wave modulation. When high dx, voltages, 
great enough to split a line into its components, and 
small a.c. voltages, just enough to move a component 

** C. H. Towns! and S. Gsachwmd, J. App. Phys. 19* 795 (1948). 


a fraction of its line width, are used, a pattern such as 
that in Fig. Sa is obtamed.” Simple theory using a 
Taylor expansion shows that the first derivative of the 
line shape should appear for each component. Because 
the radio receiver is not phase sensitive, the double 
peaks are seen for each component. The linear Stark 
effect for this alcohol line gives rise to components which 
are equally spaced and symmetrically located about the 
line center frequency. At low a.c. and d.c. voltages, 
both small enough to deflect a first-order line a small 
fraction of its width, the second derivative of the line 
shape is seen as in Fig. 5b. The side lobes are inverted 
because the receiver is not phase sensitive. For lines 
with second-order Stark effect, the first derivative of the 
line shape is seen at low voltages as seen in Fig. Sc. 
When ax. voltages large enough to move a component 
more than a line width are used, the spectrum observed 
from a single line with sine-wave modulation is very 
hard to interpret.,As many as five or six separate pips 
have been obtained for the 3,3 transition in ammonia. 

Wire Guide. This type of Stark effect guide has a 
simple wire down the center instead of the brass strip.'^ 
The modd built by us contained a wire supported at 
both ends in a five foot guide. Some difficulty was ex¬ 
perienced in keeping the wire from shorting on the sides 
of the guide. This type probably requires a square wave 
with one side at zero to give a good signal but no other 
modulation was tried. With ammonia and sulphur 
dioxide, the spectrum of a line consisted of a main line 
with a Stark effect line adjacent. The component line 
tapered out towards the high frequency range rather 
gradually, being several times as wide as the usual line 
so that it could not be confused with one. Because of 
the non-uniformity of the field, no components could 
be seen at large frequency differences from the undis¬ 
turbed line as is possible with the strip guide. The pic¬ 
ture was much simpler in this respect. It took two or 
three times as much voltage to get the same sensitivity 
in the wire guide as in the strip guide presumably b^ 
cause the non-uniform field has a bVir average value over 
the guide cross section. Because of the simplicity of the 
guide, the simplicity of the pattern, and the ease of 
evacuating it, a wire guide might be very useful for 
locating lines but not good for splitting lines into their 
components. 
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A Double Pulse Constant Current Stimulator* 
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A double pulse stimulator for clinical use in testing refractory time periods of peripheral nerve and muscle 
is described. Two rectangular stimuli of variable width, time separation, and intensity are delivered from a 
high impedance source to the same pair of stimulating electrodes. Provision is made for initiating the hori¬ 
zontal sweep of a cathodc-ray oscilloscope in synchrony with the stimuli. Action potentials produced may 
be picked up, suitably amplified and recorded on the vertical axis of the oscilloscope. The time interval 
between the stimuli at which the tissue is refractory may be observed as the distance between stimulus 
artefacts on the cathode-ray screen. 


INTRODUCTION 

I N routine clinical testing of nerve and muscle, the 
response to a single stimulus—*^twitch^^ or that to a 
maintained series of repetitive stimuli is used, the 
latter in order to produce a “tetanic” response which is 
similar to natural sustained movement. Following a 
single maximal stimulus a nerve or muscle is inexcitable 
for a measurable period of time, called the refractory 
period. This time is measured by subjecting nerve or 
muscle to two discrete stimuli, maximal or supra¬ 
maximal and separated by a variable time interval. 

The recovery of excitability may be measured by 
changes in magnitude of action potentials evoked by 
the stimuli. During the absolute refractory period, no 
action potential will be elicited by the second stimulus. 
As the time separation of the stimuli is increased, a 
second action potential will appear and increase in 
amplitude. These responses are amplified and recorded 
on the screen of a cathode-ray oscilloscope in syn¬ 
chrony with the stimuli so that the refractory proper¬ 
ties of mammalian nerve and muscle may be tested 
(Fig. 1). 

In order to provide for variable tissue impedances 
encountered with skin or needle electrodes, a constant 
current stimulator is required. The optimal stimulatmg 
wave form b a rectangular pulse of adjustable intensity 
and duration. The rectangular wave form facilitates 
comparison of test results in different clinical condi¬ 
tions. The intensity of the stimulus may be measured 

♦This nap er is an abridgment of a thesis submitted in partial 
fulfillment of the requirements for the Degree of Master of Elec- 
tdeat Ei^neeiing at the Polytechnic Institute of Brooklyn, 
S^tember 1948. 

^ The author wishes to express his i^preciation to Dr, Paul 
P, A. Hoefer of the Neurological Institute for sugrating the 
predte and for eluddating the physiological applkaUona 


with a milliammeter at the longer pulse durations. The 
time interval between stimuli and their duration are 
determined with a timing oscillator used to calibrate 
the horizontal sweep of the oscilloscope. 

THE STIMULATOR 

The instrument, boxed in, is shown in the block dia¬ 
gram (Fig. 2). The horizontal sweep of the oscilloscope 
and the stimulator are triggered simultaneously by an 
external key. The keying voltage is differentiated to 
initiate the sweep and coupled directly through cathode 



Fio. 1, Two successive musde action potentials recorded from 
the frog’s gastrocnemius, elicited in response to stimulation of the 
sciatic nerve. The stimulus artefacts precede each action poten¬ 
tial. Time scale is iq^proximately 40 milliseconds for full screen 
deflection. The refractory period for frog nerve is in the neigh¬ 
borhood of one millisecond. 

followers to the delayer stages in both channels. The 
delayers provide a time delay between the start of the 
sweep and each of the stimuli. The output of the de¬ 
layers, a step voltage similar to that produced by the 
key, is differentiated to trigger the pulse stages each of 
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which produces a rectangular pulse of adjustable dura¬ 
tion, In the final stages, which act as high impedance 
sources, the pulses from each channel are mixed and 
coupled to the subject at the desired current intensity. 
The key may be manual or a slow, free-running 



Fig, 2, Block diagram of stimulator and recording equipment. 


multivibrator giving a voltage excursion of from zero 
to +300 volts. The recording oscilloscope must have 
an externally driven single sweep. The delay time re¬ 
quired, determined by the setting of the delayer 
(Fig. 3), is from 0-10 milliseconds to include normal as 
well as abnormal refractory time periods for mammalian 
nerves and muscles. The pulse duration, set in the 
pulse stages (Fig. 4), varies from 0.0001-3.0000 seconds 
with the longer pulses used for metering current in¬ 
tensity and for chronaxie determinations. The stimu¬ 
lating electrodes in the output of the final stages are 
maintained at ground potential between stimuli. Conse¬ 
quently, the two channels may be tied together and the 
stimuli applied successively through the same elec¬ 
trodes, The action potentials produced are suitably 
detected and recorded. The desired time relations may 
be determined from the separation of the stimulus 
artefacts on the cathode-ray screen. 


vibrator (Fig. 3). Tube Ti is saturated; tube Ti is 
cut-oflf. The grid voltage of Tt is maintained negative 
by the resistance divider in parallel with a condenser 
returned to —300. When the key is closed, the output 
voltage of the cathode follower rises to +200 volts. 
The grid voltage of Tj begins to rise steeply as the 
condenser charges through the variable resistor. When 
T% conducts, its plate swings negative, driving the grid 
of tube Tz rapidly below cut-off. Thus the ke)dng volt¬ 
age is reproduced at the plate of Tj with a time delay 
determined by the setting of the variable resistance 
and capacity. When the key is released the tubes re¬ 
cycle to their original status, producing a negative 
swing at the plate of Ji, but this transition does not 
activate the following stages. 

The pulse stages consist of two tubes arranged as a 
monostable multivibrator. Tube Ts is conducting; tube 
Ti is cut-off. The positive step from the delayer is 
differentiated providing a triggering voltage for the 
tubes to exchange limiting conditions. Ts is cut-off 
until the condenser from the screen of Ta to the grid of 
Tt is charged. The grid resistor of T* is brought back 
to the common cathode facilitating a return to the 
initial stable state. 

The use of a pentode for the normally quiescent tube 
enhances stability. The pulse width is adjusted by vary¬ 
ing the coupling condenser and resistor in the grid of 
Ts. The output wave at the plate of Ts is a positive 
pulse with good leading and trailing edges. The circuit 
is grounded at the plates and returned to the —300 
supply for ease in coupling to the final stage. 

The final stages, modified from Golseth's,* couple 
the stimuli to the subject and provide for control of 
stimulus strength (Fig. 5). Tube Tt is a power pentode 
cathode follower designed to conduct heavily. Tube 
is cut off by the bias developed in the common cath¬ 
ode resistor as a result of the current through Tt. The 
signal from the pulse stage is directly coupled to the 
grid of Te causing this tube to conduct for the duration 




CIRCUIT DETAILS 

In the dela 3 rer stage, modified from Toennies',^ the 
two sections of the 6SC7 make up a bi-stable multi- 

* J. F. Toennies (unpublished). Used in stimulators developed 
at U^e RodiefeUer Institute of Medical Research in 15^35. 


of the signal. A portion of the negative swing in screen 
voltage of this tube is directly coupled to the grid of 
Tt. Consequently, the current in T? decreases to the 


»b^y&ld. Oester, ^d Dillon, •'Electrodii^osis-etand^ 
of peripheral losbna by percutaneous stunuSdon of muscle,” 
Percy Jones Hoi^tal Center, Fort Custer, (I94S). 
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extent that current flows in Te. As a result, there is no 
net change in current and no degeneration in the com¬ 
mon cathode resistor when the coupling between the 
screen of r« and the grid of T? is properly adjusted. 
The stimulating current intensity through the electrodes 
in series with the plate of is then determined by the 
input potentiometer setting which may be varied to 
give from 0-10 milliampercs in the output. 

The plates of the final stages in both channels are 
joined since the output tubes are cut-off in the absence 
of a stimulus. The electrodes are thus initially at ground 
potential. The successive stimuli are independently 
formed in separate channels without intercoupling and 
pass through the same pair of electrodes with the de¬ 
sired time separation, pulse width, and current intensity. 

PERFORMANCE 

The output current remains constant for interelectrode 
impedances from 0-25 thousand ohms with a 20 per¬ 
cent decrease in intensity at 50 thousand ohms. The 
electrodes are fused with 1/25 ampere fuses to protect 
the subject in case of circuit failure. The maximum cur¬ 
rent carried by the fuses is safe for stimulation of 
peripheral nerve and muscle. A meter in series with the 


electrodes is used to measure the current intensity for 
the longer pulse durations. 

Preliminary tests with the frog sciatic and gastroc¬ 
nemius preparation as well as with normal human sub¬ 
jects have been made. The desired time relations may 



Fio. 5. Final stage; tubes Tt and T? from left to right 


be determined by observation of the cathode-ray 
screen. A modified version of the output circuit, intro¬ 
ducing degeneration, is advisable for the lower current 
intensities required for stimulation of exposed nerve 
and muscle tissue in physiological research. 
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An Iconoscope Electro>Optical Shutter for 
High Speed Photography 

H. A. Prime and R. C. Turmock 
Department of Electronics, University of Liverpool, England 
June 16, 1949 

E lectro-optical shutters of the Kerr Cell type have 
been used for many years in investigations of high speed 
optical phenomena. This type of shutter however suffers from a 
number of inherent disadvantages^ due principally to the elec¬ 
trical and optical characteristics of the nitrobenzene which is 
used in the Kerr Ceil. 

In 1947, a proposal was put forward^ for the application of the 
iconoscope type of television tube* as the control element of an 
electro-optical shutter. This technique depends on the storage 
characteristics of the mosaic. If a transient optical phenomenon 
is foaised on the mosaic, the electron image formed on the mosaic 
may be stored with little distortion for several minutes before 
being “scanned off” by the electron beam of the iconoscope, and 
r^roduced for examination on a separate display tube. During 
this storage period, the electron beam of the iconoscope is biased 
off. The reproduced image comprises the integrated effect of any 
variations in the phenomenon. However by suppressing storage, 
except for a short exposure period during the phenomenon, an 
image can be reproduced, representing changes occuring only 
within the exposure period. 

The method of controlling the storage electronically is effected 
by suitably biasing the final anode of the iconoscope electron gun 
with respect to the mosaic potential. The operation of the icono¬ 
scope type of tube is based on “anode potential stabilisation” of 
the mosaic, so that the mean potential is the same as the potential 
of the final anode of the gun. If the final anode (normally at earth 
potential) is biased negative to the extent of 100-200 v, the 
emission of photo-electrons from the mosaic, when illuminated, can 
be largely suppressed, thus preventing image formation. 

In order to permit storage and image formation during the 
exposure period, a positive-going pulse is superposed on the bias 
voltage. Tlic amplitude of the pulse need only be sufficient to 
nuse the final anode to earth potential again, although it has been 
established that the sensitivity of the system is greatly enhanced 
when the final anode is driven to 50-100 v positive with respect to 
earth. The duration of the pulse determines the exposure period. 
The image stored on the mosaic is subsequently reproduced on the 
display C.R.T. by scanning the mosaic raster once after the com¬ 
pletion of the phenomenon. Finally, the display tube may be 
photographed and a permanent record obtained. 

The technique has been investigated using an R.C.A. iconoscope 
tube Type 1846, and it has been established that in principle the 
operation of the system is as described above. Beside the usual 
distortions, common to iconoscope operation, there is a further 
cause for distortion in the present application, in that the mosaic 



(a) (b) 

Fig. 2. Records of neon lamp dischirges. («) Glow on **beehive" 
electrode, (b) Glow on "disk’' electrode. 


does not assume a uniform potential distribution during the 
suppressed or “non-exposure” period. Thus, while the mosaic is 
illuminated, a redistribution of charge over the mosaic can occur. 
Since the emission of photo-electrons from the mosaic cannot be 
suppressed completely during the period that the collector anode 
is biased negative (an increase in the bias beyond — 200v does 
not appear to give fhiproved suppression), a weak charge image is 
form^ during the whole period of the phenomena. This spurious 
or “ghost” image can be investigated if the collector anode is not 
pulsed. The Kerr Cell shutter suffers from a similar defect, due 
to imperfect cut-off by the polarising elements. 

Ex^riments have also hicn carried out with the technique to 
record different types of phenomena. 

Figure 1 illustrates the application of the technique to the high 
speed recording of discharge phenomena such as a spark. The 
source used was a l(X)0-amp. spark in air, of approximately 15 
fssec. duration. The exposure time for Fig. 1(a) was the fuU dura¬ 
tion of the spark so that the integrated effect is obtained. Figure 
1(b) shows the result obtained when the exposure is reduced to ap¬ 
proximately 2 and made 13 mscc. after the initiation. Figure 
2 illustrates the application of the technique to the recording of 
recurrent phenomena, namely the recurrent discharges formed in 
a “beehive” type neon lamp, operated from the 50 c.p.s, mains. 
Exposures of 300-Msec. duration were made repetitively at the 
same phase in each cycle over a period of several seconds. The 
formation of the glow around either the “beehive,” or the “disk” 
electrode, according to the particular half-cycle on which the ex¬ 
posure was made, is clearly shown. 

A description of the technique will be published in greater 
detail in due course. 

> R. F. Saxe and H. A. Prime, "The recording of optical tranalente/' 
Proc. Inet. Elec. Eng. 96, Part tl, 662 (August, 1949). 

<J. D. McGm. ELectronics (edited by B. Lovell) (Pilot Frees. London. 
1947). 

Preparation of Samples of AcUto Metals 

Donald F. Clifton 

IntiituU for the Study of IdeialSt University of Chicago, Chicago, ItUnois 
August 22. 1949 



T he problem of pr^aring oxide free specimens from metals 
that react with air at room temperature can frequently be 
solved by working under liquid nitrogen. 

Fihnp for k-ray powder specimens sealed off in thin capillaries 
and briquetted specimens edth a minimum of preferred orienta¬ 
tion for use in an x-ray spectrometer are made under liquid nitro¬ 
gen .in a wide, fairly shallow container (crystalludi^ dish) in a 
shallow bath of ni^ogen to prevent boiling so the filings can flump 
up for easier collecting, The larger container of hquid xdtiogen 
need not be too well insulated as a fairly rapid evolution of gas 
helps to keep a dry atmosphere over the work dish and sweep 
away snow formed at the top of the container where the cold 
nitrogen comes in contact with the air. Working in a covered box 
with arm hdes helpa eliminate moisture. 
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The filings can be picked up from the liquid nitrogen in a thin 
glass capillary ui^ a method of Dr. Edward Bicek. The capillary 
la held in a hole in a rubber disk in the end td a glass tube. The 
rubber is backed with a piece of filter paper^ so the capillary will 
not be pulled through, and by a thick-walled glass capillary tube 
cement^ in the glass tube, A glass wool plug in the upper end of 
the thin capillary keeps it free of filings so it can be s^ed off. A 
rough vMUum readily pulls the filings up into the capillary. To 
seal in the specimen the capillary is lifted just above the liquid, 
the vacuum momentarily stopped so hot gas is not pulled over the 
filings, and the end sealed with a small fiame. The upper end is 
sealed with the vacuum on. 

Briquettes are made in a three-part die, a sleeve and two 
plungers. The sleeve, closed at the lower end with thin foil pierced 
with several small holes, is held about half-way in the nitrogen 
bath and the filings transferred to it with a medicine dropper. 
The upper plunger is then put in and the sleeve set down over the 
lower one, punching the foil In with it. This method keeps the 
filings under liquid nitrogen through all the steps, and prevents 
the ^ings being washed out of the die. 

Soft metals can be extruded with a wire press under liquid 
nitrogen. Some others, too hard to extrude, can be drawn through 
wire dies under liquid nitrogen even when too soft to be drawn at 
room temperature. 


A Glass Vacuum Valve 

John Lambb 

Airborne Jnslruments Company, yineola. New York 
August 19. 1949 

I N constructing a high vacuum system that is to be frequently 
opened to the atmosphere and that employs an oil diffusion 
pump, it is highly desirable to insert a valve in the high vacuum 
line connecting the pump to the manifold. Such a valve will pro¬ 
tect the hot oil from exposure to air at atmospheric pressure when 
the vacuum is broken. At the same time, it is important that the 
valve shall not seriously reduce the pumping spe^ of the system. 
To this end, metal gate valves with gaskets and packing of arti¬ 
ficial nibber or other material are often used. Defects in the pack¬ 
ing, either originally present or brought on by wear, sometimes 
cause leaks; the performance of the valve becomes erratic and 
troublesome. 

To circumvent these difficulties and to avoid glass-to-meta) 
joints at the valve connections, a completely scaled-in glass valve 
has been made. Because the only function of this valve is to pro¬ 
tect the hot oil from the atmosphere when the vacuum chamber is 
opened, the ground-glass joint need not be a high vacuum seal 
For use with octoil the valve is required to hold a vacuum of only 
about 100 microns against atmospheric pressure. Furthermore, the 
valve is operated only when the pressure on both sides is equal: 
it is closed before the vacuum manifold is opened to the atmos- 
phoe and opened when the manifold has been closed and roughed 
down by the forepump. (See Fig. 1.) 

The valve consists of a ground-glass joint that can be opened 
and dosed by a magnet. The valve was constructed in the follow¬ 
ing manner. A drcular ground-glass butt joint was made; one sec¬ 
tion was sealed coaxially in the mdn exhaust line to an oil diffusion 
pump, while the other was ciq>ped and provided with a collar for 
coupling to a brass draw rod. A pocket with a dde arm was pro¬ 
vided in the main line just abwe the sealed-in section of the 
jdnt to accommodate the capped section when the valve is slid 
opem The capped section was placed inside the tubing, and the 
brass draw rod with its soft iron tip was connected to the collar 
thmi^ the dde arm. The side arm was sealed off, and the valve 
wgs mdy to install in the system. The ride arm was made wide 
enough to allow for some lateral motion of the rod since a little 
twbtinf of the ground joint Is necessary to pull it open with the 
t . 

valve was installed in a 2-inch main exhaust line. The 
veWe CQuatricdon <Umensions were t inch diameter and I indi 


TO VACUUM MANtFOU) 



Ftc. 1. GIbm vitcuum valve. 


length; the conductance of such a constriction Is 35 liters per 
second. A gate valve having the full diameter of the line would 
reqmre about 10 inches to be added to the line for connections; 
the conductance of such a section is 45 liters per second. The 
glass valve is therefore satisfactory from the point of view of 
maintaining pumping speed. In use it has proved to be reliable 
and easy to operate, 


Straumanis* Method of Film-Shrinkage Correction 
Modified for Use without High Angle Lines 

A. J. C. Wilson 

Philips Laboratories /st., ImingUtn-on-Hudson, New York*^ 

August 29. 1949 

I N the normal Straumanis’ method the film is arranged so that 
the x-ray beam enters through one punched hole and leaves 
through another diametrically opposite hole, the free ends of the 
film corresponding to a Bragg angle of approximately 45® (Fig. la). 
The position corresponding to 0® Bragg is obtained from the mean 
position of the low angle lines, and that corresponding to 90® from 
the mean porition of the high angle lines. The Bragg angle of any 
refiection is then obtained by proportion, film shrinkage being 
automatically eliminated.* 





Fio. i. 



lU laboratory and shop notes 

I 


Mftny tabstoncesi however, have no high angle reflections, and 
method fails because the position corresponding to 5K)® cannot 
be determined. Tins difficulty may be avoided by arranging that 
the free ends of the film lie in the low angle region, so that some 
of the low angle lines appear on each end of the film (Fig. lb). 



The position on the film corresponding to 90* can then be ob¬ 
tained from the mean position ^ certain of the low angle lines, 
while the position corre^ndlng to 0" is obtained as before from 
the rest of the low an^ lines. A suiteble potltium lor the free 
ends of the film is in the neighborhood of 20* Bragg. 


A photografflt of pentaerythritol taken with copper radiation 
and nickel filter is reproduced in Rg. 2, and it will be seen that 
there are easUy measurable lines bra^eting both holes in the film. 

• Oa leave from Univertity CoUeie, Caidiff,, W»I^ , 

I M. StmumanU and A. levlnt, Dit 
koHUanUn Sack dgr Asymmifrisektn Mcihoda (Virlag. Jullua S^n«w. B«lin. 
IS 40 ). (Now available through Edwardt Bros., Ann Arbor, Michigan.) 


A Helium Ciyostat Temperature Control 

1. SwoN* 

Rtsearch Laborata$y EUctronics, Massackufttts Jnstiiutc of I'cchnotogy, 
Cambridge, Massachusetts** 

September S, 1949 

D uring many experiments in low temperature ph^cs it is 
desirable to maintain the temperature of the liquid-helium 
bath constant within narrow and adjustable limits. Several 
schemes have been used for this purpose. £. R. Andrew recently 
described* a servo mechanism which uses a motor-operated needle 
valve in the pumping line as a control device and a differential 
manometer with a photo-cell as an error voltage generator. 

In the course of measuring the high frequency impedance of 
superconducting tin and mercury,* a simple device was found to 
be convenient for maintaining constant temperatures near the 
transition points. The method is suitable for keeping the vapor 
pressure in a liquid-helium cryostat at any desired value. The 
sensing device is again a differential manometer but an intermit¬ 
tent on-off system is used instead of a continuous-control servo- 
system. Satisfactory performance of such a system was made 
possible by the use of a rapidly operating control-valve in the 
pumping line. The response of this valve is practically instan¬ 
taneous. There are oscillations of the pressure about a dejured 
setting; these are due mainly to the time delay in the pressure 
equalixation through the tubes which connect the cryostat with 
the pump and with the controlling differentlai manometer. 



Ftc. 1. PreMure control system for a liquid hcUum cryosut. 


The complete set-up is shown schematically in Fig. 1. The 
Dewar vessel D containing the liquid helium is connected to the 
pump P via the coarse valve Fi, and the pressure of the vapor is 
read by means of a mercury manometer M and a differential oil- 
manometer (not shown in Fig. 1). As soon as the desired pressure 
is reached, the valve Ve of the controlling differential manometer 
pM is closed, by-pass valve Vt is opened and the main valve Vt 
is closed. Tlte pressure in the Dewar starts to increase and the 
rising column of mercury in the right-hand limb of DM reaches 
the contact C#. The thyratron (type 2050) fires, the winding of 
the relay-valve Ft is energised, and pumping is restored through 
thd by-p^ Ft, Ft. This process lasts as long as the contacts Ci, 
Ct remain connected by the mercury column. By means of the 
needle valve Ft, the rate of pumping during the period can 
be adjusted to minimise the amplitude of pressure «s dlllati on s. 

The valve Ft was made of a standard 10 M. A., 5000 ohm relay* 
by r^ladng the contacts by a nossle (A in. dliun.) and a rubber- 
lined anvU. The rday was then seMed into a small can with an 
inlet tube. 
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Fig. 2, Differential manometer with contacts for control o( 
the grid voltage of a thyratron. 

The mercury differential manometer was later replaced by a 
more convenient metallic manometer. As shown in the schematic 
drawing (Fig. 2), the bellows B is li in. o.d. with eight corruga¬ 
tions. Its deflection-t'i.-pressure sensitivity is about 0.63 cm per 1- 
cm mercury pressure difference. Attached to it is a silver contact 
stud Cl and the whole is enclosed in a vacuum-tight container with 
a kovar-to-glass-bushing S holding the fixed contact stud Ct. The 
tube T is the inlet for the pressure which is to be controlled; tubes 
Ti, Tt are connected through a stopcock (Vi in the Fig. 1). The 
width of the gap between the contacts Ct, Ci is not critical, since 
the pressure adjusts itself to a value which keeps the contacts 
within a minimum operating distance. 

With this equipment the pressure oscillations can be kept below 
0.3-mm mercury by a proper adjustment of the valve Vt, The 
frequency of the oscillations is of the order of I c/sec. or more. 
The pressure can be set to any value between atmospheric pres¬ 
sure and about 2-cm mercury. The pressure oscillations of 0.3- 
mm mercury correspond to temperature variations of 0.00042 
at 3.9‘’K and to 0.0042®K at 2,0“K. The liquid helium bath and 
the immersed apparatus cannot, however, follow these rapid 
variations and remain at a constant mean temperature. 

♦ Now with Arthur D. Uttlc. Inc., Cambridge. Mawachusetta. 

^Thif work has been su^^rted in part by the Signal Corps, the Air 

Materiel Command, and ONR. 

* E, R. Andrew. J. Sci, Inat. 25. 416 (1948). 

• I. Simon. Research I^b. of EiecUonics, Technical Report No. 

126 (to be published). 


A New Source of Radiation for 
Infra-Red Spectrometers 

L. W. Herschbr 

rSs Ocm Cksmscal Com^ony, Midland, Michigan 
August 29. 1949 

T he purpose of this note is to describe a new source of 
radiation for infra-red spectrometers which has a number of 
advantages over the commonly used Globar, 

Tile method of construction is indicated by the sketches Fig. 1 
and Fig» 2. A length of porcelain rod is fitted with aluminum 
terminalt. Tl^ middle portion of the rod is wound with 0.008-inch 




Fig. 2. 


platinum wire at 25-50 turns per inch and the ends of the winding 
are fastened by 0-80 fiat head screws tapped into the aluminum 
terminals. The rod is then covered with Sauercisen* cement 
No. 63 with a coating thick enough to cover the platinum wire. 
After coating, the source should be baked at 150^F for 24 hours 
before heating to operating temperature. Actual dimensions, of 
course, will depend on the particular spectrometer in which the 
source is to be used. The dimensions given in Fig. 2 are for a 
Baird Associates double-beam spectrometer. 

The new source maintains the desirable rugged and self-starting 
characteristics of Globars and in addition has the following 
advantages: 

(1) Has lower emisMvity in the 2-4^ region with equal emis- 
sivity throughout the remainder of the rock salt spectrum, there¬ 
fore reducing short wave impurity in the long wave-length region. 

(2) Does not change resistance with age. 

(3) Has metal to metal contacts throughout the electrical 
circuit, therefore minimizing the possibility of variations in con¬ 
tact resistance. 

(4) Very little ohmic heat is generated at the ends which 
permits cooler operation of the terminals and thus further reduces 
the possibility of contact failure. 

(5) Has a positive temperature coefficient of resistivity so that 
power tends to be self-regulating with voltage fluctuations. 

(6) By a choice of wire size and spacing the resistance can be 
controlled so that the source can be operated directly or in series 
with a ballast lamp at 115 volts; and since the resistance remains 
constant a variable voltage control is not necessary. 




MCffONS 


Fig. 3 

Figure 3 shows some curves comparing the radiation of the 
new source at two different temperatures with a Globar at 1035®C. 
The temperatures were measured with an optical pyrometer. The 
curves indicate the cement coating has suppression of radiation 
in the short wave end of the spectrum with essentially equal 
emissivity elsewhere. As expected from observing these radiation 
characteristics, a given power input produces a higher equi¬ 
librium temperature for the cement coated source. 

At present no tests have been made to determine the maximum 
temperature at which the new source will give satisfactory opera¬ 
tion but at ordinary temperatures a long life is expected, 
first one made has now been in operation for six months at about 
liOO^C in a Peiitin-Elmer spectrometer and no measurable 
changes in its electrical or radiation characteristics have occurred. 

* Saacrekmi C«in«at» Company. FHtsburgh. Vennvylvania. 
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A Statitron for a Small Nuclear Laboratoiy 

D. R. lNOl.lS,t R. w. KRONE.t AND S. Sf. HaNNA 
JChpartment of Physics, The Johns Hopkins UniversUy, BaUimort, Xinrylond 
August S, 1949 

T he Statitron* here described was designed to fit the limits 
of both space and effort available in a small nuclear-physics 
laboratory. The techniques employed and the main features of 
design follow developments of more extensive programs else¬ 
where,*** but a few new details have been incorporated. 

The space available accommodates a tank 12 feet long and 6 
feet in diameter, which rolls away temporarily in a horizontal 
direction into an adjacent hallway. No attempt was made to 
achieve the sort of compactness which characterizes some of the 
small vertical machines, the use of which usually requires the 
equivalent of two rooms one above the other. Textolite insulating 
supports are employed as in other horizontal statitrons which 
have followed the lead of Professor Herb in this respect. The 
single high potential electrode (dome) is supported from only one 
end in cantilever fashion, and the column of equipotential hoops is 
of uniform diameter throughout. This cylindrical array permits 
standardization of the hoops and leaves more room for work 
inside the tank than does a conical array. Because of the space 
limitation, it is found convenient for service and repair to use the 
manhole (Fig. 1) in the rear of the tank and avoid rolling the 
tank away except for major operations. There is room inside the 
tank to remove the dome with the tank in place. This arrangement 
has proved very satisfactory, for in over a year of operation it has 
not been found necessary to roll away the tank. 

In order to provide some of the rigidity obtained by Herb 
with a conical tripod arrangement, a diagonal tension member, 
shown in Fig. 1, supports the dome assembly against gravity while 
three parallel compression members hold it rigid against rotation. 
These compression members also serve to support the steel hoops 
in the manner shown in Fig. 2. The upper horizontal rod (of f-in. 
aluminum stock) shown there provides two points of support by 
having its conical ends penetrate into i-in. holes in the hoop. A 
third support is supplied by the pin attached to the clamp of the 
lower horizontal rod. Assembly is facilitated by means of a simple 
spring extension built in a well in one end of the upper rod. Both 
horizontal rods serve also as shields to equalize the fields at the 
belts, the distance from belt to shield being half the distance be¬ 
tween belts as is ideal for uniformly charged l>clts. 

In addition to the usual accelerating tube, a similar evacuated 
tube which serves as a difierential pumping tube is mounted in a 
symmetrical position, and the two tubes, connected by a rigid 
yoke at the high potential end, are supported and compressed by 
a second diagonal tension member (Fig. 1) pulling on the yoke 
midway between the two tubes and a little above their lower edges. 
This mounting is entirelyindependent of the cantilever support 
of the dome and hoop assembly, and the vacuum system is thus 
isolated from any vibration that might arise from the generator and 
belt pulley in the dome. Each tube consists of 27 porcelain sections, 
9 in. o.d., 7 in. i.d., 2J in. thick, making the insulating column 
about six feet long. These sections and the spun-steel re-entrant 
electrodes (Fig. 3) follow Herb's design with slight modifications. 



The tubes were, however, assembled by the vinylseal baking tech¬ 
nique approximately as developed by Trump. The use of vinyl- 
seal has caused some subsequent inconvenience as leaks were 
encountered, contrary to some e:q)erience elsewhere, but this 
may have been due to an inadequate equalization of oven tem¬ 
perature during the original baking proc^ure or to insufficiently 
fiat ground surfaces at the joints. After the tubes were mounted 
horizontally, as described, in a manner perhaps dependent on the 
strength of the joints (though not so designed), tests revealed that 
the usual liquid tised in leak hunting or repair seriously soften 
vinylseal. After helium leak detecting equipment had been put 
in operation the leaks were detected and most of them scaled by 
application of very small quantities of vinylseal without balang. 

The ion source is of the Zinn type, and follows rather closely 
the design dimensions adopted by McKibbin in the ‘‘short tank" 
which was built at Madison at atmt the beginning of this decade. 
The only rignificant departure from his design is the mounting of 
the probe, which, as effiown in Fig. 3, is held between internal 
Lavite insulators and is connected to the outside by a heavy cc^>per 
rod capable of conducting away enough heat as welt as providing 
an electrical connection. This alteration was made in an attempt 
to avoid some large ring seals in the vacuum housing, but turned 
out to be a dubious umplification. The filament and anode lead- 
throughs are sealed by means of a silicone (high temperature) 
rubber gasket squeezed between two Lavite insulators. The ion 
source b mounted on a differential pumping chamber (Fig. 3) from 
which a large pumping connection passes to a valve on the adja¬ 
cent differential pumping tube. Hie pumping chamber is in turn 
attached to the first two porcelain sections of the accelerating 
tube, which contain a perforated focusing electrode. The low po¬ 
tential end of this electrode is constricted by a removable insert 


/ r.rt*c»*Tm(» vo<tmctc«i 



Fio. 1. Plagtam of 
•tatttroci. 
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Fig. 3. Ion tourcf, differentUU pumpinn chamber, and focuainx aaoembly. 

having an opening al>out 1 in. in diameter, the pumping speed of 
which is presumably considerably less than that of the differential 
pumping tube. The complete focusing assembly is attached to a 
steel plate separating the first two porcelains from the rest of the 
column. In this case the seal is made with Neoprene gaskets to 
make possible alteration of the focusing arrangement without 
breaking vinylseal joints. 

The geometrical arrangement of the control strings is consider¬ 
ably simplified over previous designs by providing a 6-in. pipe 
welded into the tank to hold the ground-potential pulleys, as 
shown in Fig. 1. This makes it possible to have simple straight' 
line coupling l>etween pulleys on short shafts at both ends, in an 
entirely mechanical control system. Eight controls are provided: 
probe, paladium-leak, and filament variacs; focus and return- 
charging-current corona needles; arc switch, proton-deuteron 
shift, and nose spacing. The meters in the dome may be seen 
through a window beside the controls. 

The position of the generating voltmeter of conventional design* 
is shown in Fig. 1, and in a symmetrical position on the opposite 
side of the tank is mounted an insulated set of corona needles pro¬ 
truding inside the tank wall for the purpose of electronic voltage 
control based on deflection of the beam by the magnet shown in 
Fig. 1. Charging current is supplied to the ^It by means of a suit¬ 
able high voltage transformer mounted inside the tank. A general 
view of the dome and hoop assembly is presented in Fig. 4. 

This statitron replaces one* built in the same room around 1940 
and partially dismantled during the war to make space for work 
for the Bureau of Ordnance. The reconstruction was started in 
1946 with financial help from that source and completed in early 
1948 with a grant from the University. It has been in use since 
then at voltages up to 1 mv, this limitauon being set by the fact 
that the useful tank pressure was limited to about SO lb., or 
half the rated pressure of the tank, by pressure-dependent leaks 
in the vacuum which until recently were pursued with insufficient 



Kta. 4i StaUtftMi with preMNirt tank tolled away 


zeal because of preponderant interest in research applicatioiis at 
the voltages easily attainable. Extensive construction was carried 
out in the Physics Shop by Messrs. Hill, Krause, Nemac, and 
Rogers. During the eariy part of the reconstruction, laboratory 
work was done by technician I. Brizendine, and in the final stages 
by technician Paul Milich. At various stages in the construction, 
valuable assistance was received from three graduate students, 
Messrs. L Resnick, J. A. Neuendurffer, and C. M. Class. 

Now at ArffOnne National Laboratory, Chicago. Illinois. 

Now at University of Kansas, Lawrence. Kansas. 

The name statitron is here implied to the instrument which is variously 
known also as a Van de Graaff “generator," electrostatic accelerator, or 
electrostatic “generator.** In an informal poll among most of the . users 
of these machines conducted some time ago by the editor of this Journal, 
the name statitron received majority but not unanimous approval. 

> R. J. Van de Graaff. Phys. Rev. 38, 1919 (1931}. Van de Graaff, Comp¬ 
ton. and Van Atta, Phys. Rev. 43. 149 (1933). Van Atta, Northrup. Van 
Atta, and Van de Graaff. Phys. Rev. 40, 761 (1936), J. G. Trump and 
R. J. Van de Graaff. J. App. Phys. 8, 602 (1937). Trump. Merrill, and. 
S^LOord. Rev. Sci. Inst. 0.398 (1938). J. G. Trump and R. J. Van ^ Gra^. 
Phys. Rev. 55. 1160 (1939). 

tHerb. Parkinson, and Kerst. Rev. Sci. Inst. 6. 261 (1935), Phys. Rev. 
51. 75 (1937). Parldnson, Herb. Bernet, and McKibben. Phys. Rev. 53. 
642 (1938). Herb, Turner, Hudson, and Warren. Phys. Rev. 58, 580 (1940). 

* Trump. Safford, and Van de Graaff, Rev. Sci. Inst. 11. 54 (1940). 

^Jennings, Swarts, and Rossi. Rev, Sci. Inst. 15. 64 (1944). A chargtnC 
belt and Its pulleys from this statitron are in use in the present machine. 


Pampiiis Speed of Diffusion Pumps 
below limiting Pressure 

Clifford E. Berry 

Consolidated Engineering C<»'poration, Pasadena, California 
August I, 1949 

I N a recent paper G. W. Sears’ postulates that the true pumping 
speed of a diffusion pump should be a constant for all v^ues 
of pressure below a critical value, and that the commonly used 
curves of pumping speed as a function of pressure are misleading 
at low pressures. According to Sears, the apparent pumping 
speed drops off at low pressures liecause the evolution of gas from 
the pump and the rest of the system eventually produces all of the 
measured pressure regardless of the amount of gas admitted to 
the system for measuring the pumping speed. 

The fallacy in the present method of measuring pumping speed 
seems to lie in measuring the total system pressure rather than 
the partial pressure of the test gas itself. For a true pumping 
speed measurement, the test gas should lie one which is not nor¬ 
mally evolved from the system, and a moss spectrometer or the 
equivalent should be used to measure the partial pressure of the 
test gas. 

Some data taken in this laboratory three years ago offer strong 
support of Scars' hypothesis. The experimental set-up is shown in 
Fig. 1. A VMF-20 air-cooled oil diffusion pump was used to evacu- 
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FiO. 1* Schematic diagram of flyntem used for measuring pumping speed. 

ate a manifold, to which a small mass spectrometer tube was 
attached through a cold trap. The calculated pumping speed at 
the point of attachment was approximately 6 liters per second for 
air. The pA reached the mass spectrometer tube simply by diffu¬ 
sion. An ioniaation gauge was used to measure the total system 
pleasure. Gaa (helium) was admitted to the manifold thresh a 
mdlecalar fiow leak from a small sample volume A. In order to 
reduce the pressure in A and hence the helium introduction rate 
by reproducible fractions, an expansion chamber B was connected 
to A through a 8t(q>oock, and B was connected in turn to a me¬ 
chanical pump through another stopcock. The leak rate and 
volume were so related that essentially no pressure reduction in A 
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Fic. 2. Plot of mass 4 ion current in mass spectrometer w. number of 
expansions of helium sample. Fach expansion reduced the sample pressure 
by the same fractional amount. 

took place because of leakage during the time required for the 
experiment. 

The experiment was performed as follows: The system was 
pumped down until the residual or background pressure was 
mm as indicated on the ionization gauge^ which was cali¬ 
brated for air. {Incidentally, this is the ^‘blank-off'* pressure given 
by the diffusion pump manufacturer's pumping speed curves.) 
Next, a sample of helium was introduced to A and the pressure 
adjusted to give a partial pressure of helium at the ionization gauge 
of approximately 2X10“* mm, using published calibration data 
for the gauge. The reading of the mass 4 ion current produced by 
the mass spectrometer tube was noted. The sample in A was then 
back expanded to B, which had been previously pumped out. The 
helium ion current reading was again taken, with the mass spec¬ 
trometer, and the process repeated until eight expansions had 
been made. The volume ratios were such that this process re¬ 
duced the sample pressure by about 1000 times. Figure 2 shows the 
results, in which the log of the reading of the helium ion current is 
plotted against the number of expansions. 

Ihc curve shown is just what one would expect if the pumping 
speed of the pump for helium is a constant independent of pres¬ 
sure. The partial pressure of helium in the system is given by 

where Pb is the pressure of helium in the sample volume, 5 is the 
speed of the leak, and St is the speed of the pump. The linearity 
of the curve implies that Si is constant over a range of pressure 
from 2X10“* mm down to 2X10“* mm; the lowest pressure used. 
By comparison, the published speed curves for the pump used 
reveal that the speed begins to drop off below 8X10“* mm, and 
18 zero at X0~* mm. 

Further evidence is found in another test, in which a very small 
amount of helium is introduced through one leak and varying 
amounts of air through another. Varying the system pressure 
from 10“* mm to 10"* mm by varying the amount of air spitted 
produces no appreciable change in the reading of the helium 
current. 

The clear inference from these data is that the blank-off pressure 
of diffutton pumps, as currently given, is not the pressure at which 
the pump stops operating, but the pressure at which gas is evolved 
from the system (including the pump itself) at such a rate as 
exactly to equal the inherent sp^ of the pump, and that the 
fuU-mted pumping speed, for gases not so evedv^, may be re¬ 


tained at pressures several orders of magnitude lower than the 
rated *‘biank-off" pressure of the pump. This conclusion is of 
^>ecial importance in cases where the pumping speed for gases 
such as hydrogen and helium is of interest. 

»G. W. Sean. Rev. Sd. Inst. SO. 458. 459 (1949). 


Parallel Operation of Small Thyratrons 

Paul G, Hansol 

Serve Corporation of Amorica, New Hyde Park, New York 
September 22. 1949 

S MALL thyratrons are often used in applications where the 
discharge current greatly exceeds the tube rating. Shortened 
tube life or erratic firing usually results from such overloaded 
operation. 

Parallel operation of two thyratrons ordinarily fsuls to prevent 
overloading because of the tendency of one tube to fire first, 
thereby reducing the anode voltage on the second tube and pre¬ 
venting its firing. 

Figure 1 illustrates a circuit which insures substantially simul- 



Fic. 1, 


taneous firing of parallel-operated thyratrons. In the case il¬ 
lustrated, a pair of 2D21 thyratrons in parallel were used to dis¬ 
charge a large condenser through the primary of a high voltage 
transformer to produce a high voltage trigger for a flashing light 
source. 

The two control grids are connected in parallel. A small in¬ 
ductance is inserted in each cathode and the shield grids are cross- 
connected to the cathodes as shown. 

When the input trigger is applied to the control grids one tube, 
Vi for example, may fire first. The surge of current through L\ 
results in a positive pulse across Li which is applied to the shield 
grid of Ft, thereby causing Vt to fire. The firing delay can be made 
very small by proper design of Li and Lt. 


An Improved Embryotogteal Mlcnmumipnlctor 

HOWAM) H. Hsllxmann 

Department of ZotAoty, Oreton State Cottffftf. Corvo&ie, Orefon 
July 12. 1949 

^T'HE improved venuon has a shorter stage from front to bade 
A (5| in.) to provide more latitude in centering the object in 
the visual field. From side to side, the stage is somewhat longer 
(7 in.}^ for direct attachment of the vertical adjustment Since 
stage rests above the position of the original glass plate, it was 
necessary to attach 2 bars to the under surface for securing Che 
instrument to the microscope. Depending upon whi^ way the 
apparatus is oriented when slipped Into the groove of the scope, 
it becomes either a right- or left-handed iastrument* 

The egg-hokkr attachment was modified in several ways* A 
knurled surface on the circumferential surface to pro^de friction 
for rotaUon with the finger Ups was added. Ihe thm^oli pressure 
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springs were enclosed in cylinders, each equipped with a knurled 
pressure adjustment knob. The egg-cup was made of a thidier 
metal (brass, in. thick) and in the form of a diamond-shaped 
parallelogram. The vertical adjustment knurl for the rotary stage 
was transferred to the right ride along with all other adjustments. 

The transverse bar of the horizontal adjustment (commercial 
mechanical stage) has two additions. One is an insulated electrode 
receptacle for transmission of current through the operating end 
of the instrument. There is also attached a secondary manipulator 
(from an obsolete foreign make of microscope) and is used for 
preliminary coarse adjustments. It can swing in an arc of 360® 
in the horizontal plane (horizontal lower bar) and 180® in a ver¬ 
tical plane (horizontal upper bar). In addition, the upper hori¬ 
zontal bar can swing through 360® and be made to slide in its 
sheath back and forth for a distance of al)out one inch. 

The remaining details are much the same as those of the original 
instrument previously dcscril^ed.* 

Figure 1 depicts the complete micromanipulator. 



Fig, 1. Improvt'd micromanipuiutur. 


1. plain sl&ze 

2. vertical adjustment uf manipu- 
lator 

3. »>ar 

4. rotary stage 

5. preesure-spiiug cylinder 

6. egg-cup 


7. vertical adjustment of rotary 
stage 

8. insulated electrode receptacle 

9. secondary manipulator 
10. lower horizontal bar 
It, upper horizontal bar 


The expense of manufacture came to about |135.(X) exclusive 
of the price of a mechanical stage and two vertical racks and 
pinions, and was borne by a grant from General Research at 
Oregon State College. Mr. Charles J. Filz, mechanic in the de¬ 
partment of Physics, is acknowledged for his skilled nrtisanship 
and for certain suggestions which improved the design, 

» H. H. HUlemaun. Anat. Kes. 84. 337 (1942). 


Transient Response of High Voltage 
Resistance Dividers 

Haruy j. White 

Heu»fch Corporation, 465 West Union Ave., Bouh6 Brook, New Jersey 
June 27, 1949 

H igh voltage resistance dividers as commonly used for d.c. 

or for low frequency a.c. measurements present no prob¬ 
lems Q^er than those of hwt disripation and mounting of the re- 
sistora. However, in the observation of tranrient or pulse voltages, 
conridemble care in the design and arrangement of the divider 
it neceasary in order to avoid serious distortion of the observed 
voltage warn* For the purposes of this paper, high voltage mgy 
be aa 10 kv or higher, and it will also be assumed that a 

ckthode-ray osdllograph is used as the observing means. The 
objects of the paper are to s^ve theoretical and experimental data 
00 ^ inherent distortion introduced by resistance dividers, and 


to provide design formulas and graphs for dividers to be used / 
with tranrient voltages. 

An ideal resistance divider would have nrither capadtance nor 
inductance and would exactly reproduce the input voltage wavO 
at its output terminals on a reduced scale determined by the di- ^ 
vider ratio. Real dividers, on the other hand, have both capad- 
Unce and inductance associated with the resistance elements, 
and the capacitance in particular cannot be neglected when voltage 
waves having high rates of change are being studied. The in¬ 
ductance of modern surface-coated-type resistors is, however, 
very small and may be neglected for voltage dividers. Viewed from 
the energy standpoint, the stored energy of the electric field of the 
divider is important and can be the source of serious distortion, 
while the stored energy of the magnetic field is negligible. 

TheorHicaL —High voltage dividers arc usually subject to elec¬ 
trostatic induction or pick-up effects from other high voltage 
apparatus in the immediate neighborhood, and it is therefore 
necessary to provide complete shielding of the reristance elements 
in order to avoid false indications. Perhaps the simplest and most 
satisfactory practical arrangement is to use cylindrical reristors 
with a coaxial cylindrical shield, as illustrated in Fig. 1. This has 



the advantages of providing complete shielding, good electrical 
clearances, avoidance of corona, and adequate cooling surface, 
and in addition is amenable to theoretical calculation. 



Flo. 2. Trapesoidal pulse. 
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Fig. 3, High volUn resistance divider. Transient response curves for 
triUMsoldal applied voltage; T wrise time of voltage; r «RC ^divider time 
constant; Fi««"d.c. response voltage. 

Many of the most useful transient voltage waves or pulses, such 
as those used in radar, can be characterized or simulated by the 
trapezoidal pulse shown in Fig. 2. Such a pulse rises at constant 



Fig. 4. Theoretical sine*wave charging voltage wave. 

rate to its peak value Ko in time T and is defined mathematically 
by Eq. (%) 

0 for (<0 

VoWT) for 0<f<r (1) 

I Vs for t>T, 

The response of the divider of Fig. i to this voltage pulse may 
be calculated by treating the divider as a transmission line having 
distributed resistance and capacitance, but negligible leakage and 
inductance. The capacity loading by the oscillograph may also 
be assumed negligible. 

The partial differential equation and boundary conditions for 
the line are 

dV/af«(l/rc)(d*V/d**), 

V-O, 

o<i<T, 

v«Vo, />r, 


VmV(»A f-resistanoe per unit length, c*-capacitance per unit 
length. 

The solution is conveniently obtained by the Laplace transform 
method, with the steps briefly as indicated below. The Li^place 
transform of the applied voltage wave is 

P(x)-(P,A‘r)(i-.~^’’). (3) 

while the tranaform P(«.X) corresponding to (2) is 

By the inversion theorem 

Integral (5) may be evaluated by contour integration and the 
calculus of refidues and yields 

2 expC-«i*ir*(</T)]sin5^ [ for 0«< T. («•) 

a 

{ a? 2 r 

XcgpC«*ir»(//r) jsin^l for f > T, (6b) 

where r»*rcf*a« total resistanceXtotal capacitance of divider 
■•time constant of divider. 

For observing high voltages, the divider ratio x/l will neariy 
always be 0.01 or less, so that 6in(fiwg//) is closely approximated 
by (nwx/l) if Is not too large. Using this approximation, (6a) 
and (6b) become 


forf>r, (6b) 


for 0<f< 

T(*,<)-K,4{ 1-2 2 (-!)•+• 

* I H-l 


for0<f<r. (7a) 


r/T)]-expC-»*V(//r)3l 

^ Smot;) I for or. (7b) 



No. 4 

Fig: S. Oaoillogmmt sliowlttg diargiag vdtage wsve dlfto^ons for itgUtanee divklers of Table I, 
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To obUin the re^MOM for a rectangular pulie (Heaviside unit 
function), let T~*0 in (7b) and the limit is 

»'(*,/)- To-j{ 1-2 2^ (-l)"+>expC-*iV*«/r)3j. (7c) 

It may be noted that in these formulas Vq’x/1 is the steady- 
state or d.c. response of the divider. 

The response Eqs. (7) are plotted in Fig, 3 for a range of values 
of the parameter T/r. Distortions of two types are introduced by 
the divider; namely, a change in the pulse shape, and a delay in 
reaching the hnal amplitude. For the case of a rectangular or step 
pulse (r/r«*0), the lime delay in reaching the peak amplitude 
amounts to about 0.65r. As might be predicted, the distortions are 
less the slower the rate of rise of the voltage wave. These differ¬ 
ences are clearly discernahle in the response curves. 

Experimental,—Tht validity and usefulness of the theoretical 
results have been checked for a typical application; namely, the 
observation of the pulse network charging voltage in a line-type 
radar modulator or pulse generator.* In this pulse generator cir¬ 
cuit, an energy storage condenser is periodically charged from a 
d.c. power source through a charging inductance or choke, and 
periodically discharged into a load circuit by means of a pulse 
discharge switch, e.g., a hydrogen thyratron. 

If the charging choke and pulse condenser arc properly tuned 
to the pulse recurrence frequency, sine-wave charging is obtained 
as shown in Fig. 4. Such a charging wave is of great practical im- 

Tabls I. Httutance divider cooeUntii and time delays. 


Resistance Afs* 

divider 6 i /P* C r® Tbeor. Exp. 


No. I 

2 ill. 

IS ill. 

40 in. 

Mmes. 

27.2 MMf 

1.63 mitiiec. 

I.OOmilsec. 

O.SOntilneo. 

No.S 

2 

IS 

20 

30 

13.6 

0.41 

0.27 

0.28 

No. 3 

2 

16 

40 

0.8 

27.3 

0.02 

0.01 M) 

No. 4 

A 

6 

42 

10 

20 

0.20 

0.13 

0.18 


K swH.V. resistor diam., ^wshield can diam., 2»shMld can lensth. 
b g«totil divider restsianoe, C«total divider caiiacitance. 

* r<« theoretical time ooostant oT divider. 

^ ddi** theoretical time delay of divider for step*vQltase. 

• a<9«iobaerved time delay of divider for itep-voltace from Fig. A. 


portance and it usually observed by means of a resistance divider 
and oscilloscope. In a typical radar case, the pulse condenser is 
discharged in about 1 fjoec- &nd charged in about 1000 fisec. The 
discharge time is therefore exceedingly short, and the voltage 
wave across the pulse condenser approximates a step-voltage 
function in the neighborhood of the discharge point. 

An experimental line-type puiser was set up, using a 1 mscc. 
pulse-forming network and hydrogen thyratron pulse switch. 
OperaUon was at approximately 10 kv on the network and 250 
p.p.s, recurrence rate. The charging voltage was observed with 
several reliance dividers having the theoretical time constants 
shown in Table I. 

Osdilograms of the corresponding charging voltage wavw arc 
recorded in Fig. 5. The distortions are evident, especially in the 
cases of the longer time constant dividers* Table I summarizes 
the constants of the dividers togeth^ with the observed time de¬ 
lays in reaching minimum voltage after the pulse discharge as 
measured on the oscillograms* Agreement between the calculated 
and observed time delays are reasonably close, considering the 
theoretical and experimental approximations involved. These 
iq)proximati(His could no doubt be reduced both in the theory and 
in the experimental test* But the value of the theory lies in eatab- 
UMng correct designs for H.V. reristance dividers rath^ than in 
pfedkthig exact response functions, and in this sense a more 
exact and necessarily more involved theorerical treatment is not 
jftsstttsd* 

Csftrittiisa.—Application of the curves of Fig. 3 will indicate 
Uis of num^tude of the distortions to be expected with 
H*V* reristance dividers for all cases where the applied 
sadta^ can be approxiinated by a step funetkm or by a riateg or 


falling trapezoidal wave* Resistance dividers must be used with 
care in obUrving transient or very high frequency voltages, but 
with proper design distortions generally can ht kept to an accept¬ 
able minimum. 

^ Pulse Generators. M. I. T. Radiation Lab. Series, Vol. .S. 


Voltage Stabilization for Electrostatic Generators 
Using an Electron Gnn 

S. J. Bamk, Jr. and L. M. Bagcevi 
The Rice Institute, Houston, Texas 
July 18, 1949 

A n electron gun and auxiliary circuit for the control of a beam 
of positive ions accelerated by a Van de Graaff generator Is 
described. A high degree of stabilisation in energy is obtained with 
electron currents of from 10-20 microamperes sent back up the 
same vacuum tube which is used to accelerate the positive ions* 
In the operation of a Van dc Graaf! high voltage generator, it is 
often desirable that some control mechanism be used to maintain 
the generator at a constant potential. A number of methods have 
been used.**** The variable corona discharge method was the most 
satisfactory of these early systems, having a delay time of approri- 
mately 10“* seconds. An improvement in the time constant can 
be made by sending an electron current up the accelerating tube 
to the high voltage electrode. The delay time for this method is 
of the order of 10”* second. This principle has been made use 
of in a satisfactory system of stabilization.^ This system, which 
we propose to modify, was composed of insulated jaws of a slit 
through which the beam from the analyzer passes. The potential 
of the jaws due to the beam of charged particles incident upon 
them controls a circuit (see Fig. 1) which in turn controls a source 
of electrons. The source sends current back up the accelerating 
tube to the high potential electrode. When the major part of the 
ion beam passes through the insulated slit, part of ihe current 
falls on each of the slit jaws. In equilibrium, when the potentials 
of the grids of the 6SJ7’s are equal, the circuit sends an equi¬ 
librium value of electron current up the accelerating tube. Tliis 
return current plus the losses due to insulation leakage and corona 
current must be balanced by the amount of current sprayed on 



Pig. 1 * ScbamaUc dtagmm of the subtUzatkm tystem. As tnrtsited In 
to Rlcs InstHute y«n os Graaff mchto to angle tf, which tosEton 
bsnm faalees wHh to pcirilive km beam, i» five degrees 
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Fig. 2. CroM-nectional view of the electron gun. 


the belt of the machine. If the energy of the beam deviates, re* 
suiting in.a deflection of the positive ion beam on the slit jaws 
and a consequent change in the potential on the two grids of the 
6SJ7*s, both tubes operate to either increase or decrease the cur¬ 
rent sent up the tube, thus correcting the potential of the machine 
until the equilibrium value of the system is again reached. 

The original electron source^ was a triode adapted so that a 
divergent beam of electrons was directed up the accelerating tube. 
The diverging beam impinged upon the accelerating electrodes, 
resulting in electron multiplication. Since the multiplication de¬ 
pends on surface conditions of the metals and varies from time 
to time, it is not the most satisfactory method. 

The object of the modification described in this paper was to 
improve the stabilisation by replacing the triode with an electron 
gun of simple design which would send a well-defined beam of 
electrons back up the center of the accelerating tube, thus avoid¬ 
ing the electron multiplication effects. 

The gun shown in Fig. 2 is of a simple single anode structure 
with a control grid and a magnetic focusing coil. All major ele¬ 
ments of the gun are made of magnetic material in order to pro¬ 
vide magnetic shielding for the filament and the electrostatic 
field between the grid and the anode. A tungsten filament is used 
to simplify the design of the gun and to avoid the possibility of 
poisoning the cathode. 

Since helical filaments have a tendency to deform when heated, 
the filament used is a single straight piece of 10-mil wire 1 cm in 
length attached to the ends of heavy filament leads. Direct cur¬ 
rent was used for heating the filament in order to avoid an a.c. 
ripple in the beam current. 

Ease in mounting new filaments and reproducing the char¬ 
acteristics of the gun results from constructing the grid, anode, and 
coil as a unit. The entire unit can be removed in order to replace 
an old filament. In order to insure that the new filament has the 
correct cathode to grid spacing of 0.05 cm, heavy, stationary fila¬ 
ment leads are used; and filaments of the same geometry are 
attached in the same manner. This particular point is of import¬ 
ance, since a small deviation in filament to grid spacing can re¬ 
sult in a large change in tube characteristics. 

The gun is magnetically focused by a coil covered with monel 
metal. The fringing about the gap of non-magnetic material pro¬ 
duces a small, localised focusing of the prop^ shape for good 
focusing. One end of the coil winding is grounded and the other 
end is broui^t through the base plate by a Kovar seal. 


The gun alone has the characteristics of a simple triode with an 
amplification factor of 25. By observing the beam on a cine sulfide 
screen, it was found that a sharper focus was obtained as plate 
voltage was increased from 400 to 1600 volts. The focusing char¬ 
acteristics were reasonably good at 800 volts, giving a spot sice 
of 5 mm at a distance of 1$ inches. 

In operation upon the Van de Graaff generator, the gun pro¬ 
duced a high degree of stabilisation. Without regulation the in¬ 
tensity of the heavy particle beam at the target varies over a 
wide range. With the stabiliser in operation the intensity is held 
constant to within 10 percent. The stabilisation is a function of the 
electron beam current. Regulation is obtained with equilibrium 
electron beam currents of 5-20 microamperes. The regulation is 
satisfactory with an electron beam current of 5 microamperes 
but is somewhat steadier at 20. 

A count of the x-rays in the control room of the high voltage 
laboratory showed that the x-ray intensity increased by a factor 
of 1.5 to 1.9 when electron beams of 20-25 microamperes of cur¬ 
rent were sent up the tube to the high potential electrode. This is 
not an excessive increase in the counting rate since it is only 10-20 
times greater than the cosmic-ray background. This x-ray in¬ 
tensity could easily be reduced by substituting an Al or Be plate 
at the high potential end of the tube. 

The authors wisfi to express their appreciation to Dr. T. W. 
Bonner for his advice and guidance. This work was assisted by the 
Joint Program of the ONR and the AEG. 

* Parkinson, Herb, Hornet, and McKibben, Phys. Rev. 53. 642 (1938), 

»A.O. Hanson, Rev. Sci. Inst. 15, 57 (J944). 

•Fowler. Laurltsen. and Lauritsen, Rev. Sci. Inst. 18, 818 (1947). 

* Bennett. Bonner. Mandeville, and Watt, Phys. Rev. 70, 882 (1946). 


A Simple Automatic Water Distiller 

Narciso Cordbro and Irinro L. La was 
Laboratory of Biociutmisiry, CoUegr of Mtdicine, 

University of the Philippines, Manila, Philippines 
September 8, 1949 

T he distillation outfit here presented is a modification of the 
conventional glass distilling set which is available in prac¬ 
tically all laboratories. By referring to the diagram, Fig. 1, the vari¬ 
ous parts may be appreciated. 

The heating unit contains 50 ft. of nichrome wire*(a) of gauge 
B & S 22, coiled to a spiral of about { in. diameter. The coil is 
laid horseshoe fashion at the bottom of a 1-liter Erlcnmeycr 
flask of Pyrex glass, which serves as boiler. In this flask are also a 
feeder tu^ (b) and a glass siphon (c). 





Fig. 1. Automatic water dl«tlU«r. 


(a) heating coil 

(b) feedertube 

(c) siphon 

(d) wooden strip mounting for con- 


li 


Kvew-^mp closing siphon out- 


te) me^hraoei 




'>*shapod mttal rod 
;) bent mipp witii cord 


h) metal rod serving as fulcrum 
counterpoise 
screw-damp c 
let 

(k) Y-tube from condenser Jadbet 
tniUet 

(l) rubber tubing d feeder 

(m) metal rod servh^ as Viegt^ . 
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The condenser is mounted by metal braces (e) an a grooved 
wooden strip (d) on the under surface of which are firmly attached: 

1. A J-in. metal rod (f) bent to a V, which, with the aid of cork 
at the Up of a clamp (g), supports the Erlenmeyer flask in position. 

2. A 1-in. metal rod (h) passing at right angles to the condenser 
through 2 metal eyelets. Mounted on a sturdy iron stand, it is 
the sole support of the distiller assembly, and serves as fulcrum 
on which the whole outfit as a unit may swing see*saw fashion. 

3. A 150-g weight (i) hangs from one of two hooks screwed 1 
in. apart along the length at the distal end. It serves as counter¬ 
poise to obtain proper balance at the fulcrum during operation. 

The feeder tube (b) receives water from the condenser jacket 
outflow through a y-tubc (k) and a soft-walled rubber tubing (1) 
pressed between the under surface of the wooden strip (d) and 
another mounted metal ro<l (m) that serves as rest. When the 
flask is empty there should be no pressure exerted on the rubber 
tube, with a properly adjusted counterpoise, and fulcrum. 

Operation. Starting with the l>oiler flask empty, the water 
supply is turned on. Part of the water from the condenser jacket 
enters the flask through the feeder tube (b). As the water in the 
flask rises high enough to submerge the beating coil and the bind¬ 
ing posts, the wooden strip (d) tilts, compresses the rubber tubing 
(I), and decreases the water inflow into the flask. The siphon (c) 
is filled by suction from the flask and closed by screw clamp (j). 
The electric current is now turned on. As distillation proceeds the 
flask becomes lighter, pressure on (1) eases, and more water drops 
in, until the increasing weight of the flask slows the inflow again. 

The automatic!ty is so effective that the inflow at the feeder 
tube maintains a nearly constant drip and the water level in the 
flask never changes more than 1 mm during distillation. 

After several hours of operation the water in the boiler acquires 
a yellow color from concentrated soluble matter. Without stopping 
the electric current, the siphon is half-opened, and, as the hot 
water flows out, it is replenished by the feeder tube. The dis¬ 
tillation slows down, but in 3 minutes the water in the l>oiler is 
clear again. The siphon is shut off, and in less than 1 minute the 
distillation goes on again full blast. Siphoning retards the ac¬ 
cumulation of sediment. It is advisable to have an extra coil and 
Erlenmeyer flask always on hand for replacement during cleaning 
out, or in case of accidental failure of water supply. 

The rate^f distillation is alwul 2J liters per hour. The distilled 
water has been tested and found to conform to the requirements 
for distilled water prescribed by the U.S.P. 

The merits claimed for the set-up, in addition to its efficiency, 
are simplicity, and the ready availability of its component parts. 


Measurement of Betatron Guiding Fields 
durixig Electron Ejection 

K. C. Grkoc, Jr. 

Case Jnsiituie of Technolofy, Cleveland, Ohio 
June 10. 1949 

D ue to the geometry and relatively unknown magnetic con¬ 
ditions, it has proved extremely difficult to calculate with 
any degree of accuracy the magnetic field strength as a function 
of radius and time in a betatron under typical orbit expansion or 
contraction conditions. Such factors arc important not only when 
attempting to determine the optimum shape for conventional 
electron ejection but also for obtaining certain design parameters 
when considering beam removal and focusing. 

A rather simple scheme for measurement of such fields is to 
use a small probe coil moveable along a radius and connected 
through an electronic integrating circuit to a calhode-ray oscillo¬ 
scope operating with a linear sweep, as shown in Fig. 1. 


Fio. I. 




Kig. 2 



The picture that is presented, of course, is the magnetic field 
as a function of time. If such patterns are measured (through 
photographs) for different positions of the probe, it is then pos¬ 
sible to obtain H vs, r at any time /. If an expansion (or contrac¬ 
tion) pulse is now added to the field by conventional betatron 
circuitry, this pulse will appear as a small but measurable pip on 
the pattern and will be the true field during the expansion pulse 
provided the integrator and oscilloscope are linear (both in ampli¬ 
tude and phase), over the required frequency band. Figure 2 
shows the expansion coil arrangement relative to the pole faces 
and Fig. 3 log H vs, log r for the fields with and without expansion. 



Measurements were made at the peak of the expansion pulse 
which was located in time at the peak of both the a.c. field (3200 
oersteds) and the a.c.-fd.c. field (5900 oersteds). Expansion cur¬ 
rents were 640 amperes peak and 15^8 half-width. 


Delays in Rectangular Geiger Counters 

G. E. Bradley and M. U. Wikdknbkck 
Department of Physics, University of Xfichigan, Ann Arbor, Michigan 
September S, 1949 

R ecently Geiger counters of essentially rectangular ge¬ 
ometry* have been used as high efficiency gamma-counters^* 
and in other applications in which their &hat>es are a convenience. 
When such counters are to be used for coincidence measurements, 
the delay in the initiation of the discharge will limit the resolving 
times which may be used. 

We have measured the delays and efficiency of rectangular 
counters as a function of the position at which the ionising par¬ 
ticle passes through the counter. The counter whid) was used 
(Fig. 1) was 8 m.X4 in.Xi in. with a stnught anode of 0.008 -in. 
tungsten. The ga« was a mixture of 9 cm argon and t cm ethyl 
alcc^ol. 
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Fig, 1. Rectatigular counter wltli inside (limennions 8 X4 X| inches. 



FiC. 2, Distribution of counts for various positions of the coiJimated 
beam of electron*. 



Fig. $. Integral delay curves. 



OiStMC* JtHs 


Fig. 4. SMenqr of the counter ne n function of the poeiUon at 
whi«h the tHectron pawn through the oountert 


A coUimated 1mm of electrons was passed tiirough a cylindrical 
Geiger tube near the anode and then throui^ a mica window into 
the rectangular counter. The pulses from the Qrlindrical counter 
initiated tht sweep of a synt^roscope while the pulse from the 
rectangular counter produced a vertical deflection. 

The delay curves are similar in shape to those obtained by 
Sberwin^ for cylindrical counters. The p^s of these distribution 
curves fall at approximately 0.2 microsecond (Fig. 2). It should 
be noted that the position of the peak is essentially independent 
of the point at which the particle passes through the counter. A 
group of integral delay curves is shown in Fig. 3. The efficiency of 
the counter is plotted in Fig. 4 as a function of the distance from 
the wire at which the electron is sent through the counter. It is 
interesting to note that the efficiency is 100 percent for particles 
passing 2 centimeters from the wire although the delays at this 
position may be many microseconds. 

»S. C. Curran and J. M. Reid, Rev. Scl liwt. IS, 67 (194S), 
t). W. M. DuMond, Rev. Sci. Init. IS. 626 (1947). 

•1. R. Beyster and M. L. Wiedenb^k. Rev. Sci. Inst. 19, 819 (1948). 

W. SherwJn. Rev. Sci. Io*t. 19, 111 (1948). 


New Instruments 


W. A. WUdhacfc: AMociatc Bdltor 
in Charge of thie Scctioo 

Hatiaoal Bureau of Standarde, Waehingtoa. D. C. 

Then descripiwns are based oh informaiion supplied by the manu/arturrr 
and in some cous from independent sources, Ths RsvtKW arrumei no re- 
spomsibiUty fbr their correctness. 

OBmiAniuni DiodBS Raytheon Tyi>es CK705^ 706» 

707, and 708 arc new germanium 
diodes with excellent high frequency characteristics, and whose 
unusual features are small sixe (0.390 in. long and 0.160 in. di¬ 
ameter), distinctive marking using a color code, high ambient 
operating temperature rating of 100®C, and resistance to change 



in humid atmospheres. The higher temperature rating is obtained 
by usiiig only glass and metal in the basic assembly, thus elim* 
mting the necessity for a wax filler. In addition to total immer¬ 
sion, tlds design has withstood more than 72-hr. eiqxisure to 
95 percent humidity at temperatures from 25 "C to 70®C.— 
Raythxok MANUFACTUiimo CmcFANY, ^EaAL Tubs Sxctxoh, 
55 Ghapd Sketi, NewUmt 55, MassachuseUs. 


Secondaiy Frequency Two new moderately priced 
Standards secondaxy fiequency standardji, 

offering many of the advantsfes 
of ei^ienBive primary standards, are the -hp- lOOC and 
secondary frequency standards. They leplaos earfler 
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A&d^offer a number of important new advantages in addition to all 
the features of the old models lOOA and lOOB. 

The new -hp- Model lOOD offers rectangular wave output, 
tuning pips at intervals of 100, 1000, and 10,000 microseconds, 
and an internal oscilloscc^ for convenient frequency comparison. 
This instrument may be conveniently standardised against 
Station WWV by using only a standard oscillator and a com* 
munications receiver. Thus the instrument provides most of the 
advantages of a primary standard at much less cost. 



Both modeb employ crystal-controlled oscillator and divider 
circuits offering high stability and operational ease. Standard 
frequencies can be quickly selected on a front panel switch and 
may be employed simultaneously. Internal impedance has been 
held to around 200 ohms, so the standard frequencies can be de¬ 
livered at some distance from the instrument. The output voltage 
is five volts, at all frequencies. 

Hie -hp- lOOD offers sine waves at five frequencies and rec¬ 
tangular waves at four frequencies. Accuracy is in the order of 
two parts in one million. 

The lOOC offers sine waves only, at four crystal-controlled 
frequencies. Accux$xy is O.OOl percent. 

Both instruments operate from a self-contained 115-volt regu¬ 
lated a.c. power supply.— Hewlett-Packard Company, 395 
Page Mill Pood, Polo Alio, Californio. 


Hi|^*Currrat Rectifiers Uual selenium rectifier elements 

measuring 7i in.X12} in. have 
been developed by the International Rectifier Corporation. Each 
dual element consists of two of the company’s largest sise plates, 
61 in.X7J in., strapped in parallel and rated in a three-phase 
bridge circuit at 34 amperes for continuous duty self-cooling, 85 
amperes for continuous duty fan-cooHng, and 340 amperes for 
intermittent duty. Dual elements are assembled in the 
ooii^>any*B three-phase bridge heavy duty 10 kw-rectifier, stack¬ 
rated at 1500 amperes. 

Stadca are designed on the basis of 16 kw per cubic foot and 
are provided with an interlocked assembly to prevent lug mis- 
aUgmaent and plate rotation. They are covered with a midUple- 
dipped black coating for improved heat radiation and protection 
agidiist high humidity, excessive moisture, and other adverse 
i^tto^theric conditions. C^>erating efficiencies of 85 percent can 
bg obtained, and when aluminum plates are used, the weight per 
dual dement minus the hardware is nine ounces. Each 1500- 
ampeie stadt is 7i in. wide by 12 in. long by 14| in. idgh. 

Tbifee dual rec^Ser assemblies are espedally applicable lor hi|d^ 
intermittent dutyi medium voltage a^cations (5^ 
are beiog used to eliminate Utrge stOfage 





battery banks with resultant elimination of maintenance costs 
and outage time.—I nternational Rectifier Corporation, 
6S09 South Victoria Avenue^ Los Anodes 43, California. 


Spotwelder Unimatic, a new automatic spot- 

welder, introduces a Amplified 
‘‘pushbutton spotwelding”; rheostats and other auxiliary adjust^ 
ments have been eliminated. Designed primarily for use with 
light-weight stainless steels, the new Unimatic weld shows no 
evidence of burning, heat distortion, discoloration, or splattering. 
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The **&utomatic*’ feature has been developed by incorporating 
in the welder a sen^tive electronic circuit, Whe^ actuated by a 
touch of the welding button, the electronic brun instantly deter* 
mines the amount of resistance heat required to homogeneously 
bond materials through a range of thicknesses. This automatic 
gauging and simultaneous welding eliminates guesswork on the 
part of the operator and results in bum*free welds of greater 
stmigth. 

The Unimatic welder has been designed to meet the exacting 
requirements of the light*materials field. Uniform and dependable 
performance insures a strong, clean*finished weld. 

The unit is sturdily built and compactly designed (9} in. long 
X6| in. wide X4i in. in diameter), and operates on 110*120 volts 
a.c. 50-00 (cycle). Special models are available for other current 
supply.— Unitek Corporation, Norik Lake Avenue^ Pasadena 
d, Calijomia, 


Electron Microscope 
Accessories 


Three new accessories permit 
spedaliaed^application of the elec* 
tron microscope. They include a 
Type EMN-1 charge neutraliser, a Type EMX-1 focusing mag¬ 
nifier, and a self-bias gun kit. 

The EMN-1 charge neutraliser is designed to neutralise charges 
produced on diffraction specimens by the primary electron beam 
of the microscope, which may cause distortion of the image. 



Essentially, the unit consists of a heated filament which sprays a 
low velocity stream of electrons into the diffraction specimen 
chamber. It is easy to install and operate, and is supplied complete 
with power supply which operates from a 115-volt, 50- or 60-^cle 
a.c. line, and draws approximately fiO watts. 

The Type EMX-1 focusing magnifier enables the microscope 
operator to focus upon a certain portion of the image field with 
greater precision. It permits direct viewing of the image at 150,000 
magnifications, and greatly improves the quality of electron micro¬ 
graphs obtained. The attachment consist of a low power micro¬ 
scope mounted on a metal plate which may replay either of the 
viewing chamber side windows, a small prism ooat^ on the upper 
face with fluorescent material, and a control handle to move the 
prism into and out of the electron beam path. Hie optical system 
conusts of a 3,5-power objective lens and a 4-power eyepiece, 
providing a total magnification of 14 times. The attachment is 
8 indies in over-all length and weighs pounds. 

Simplified alignment, greater stability, and improved over-all 
performance of the microscope are mode possible by the self-bias 
giui kit, MI-12986. This attachment provides intense illumination 
with lower beam current. The intensity of the electron beam 
produced by the gun is controllable, making it possiUe to obtain 
maximum resolution in studies of a wide range uf spedmens. 

The gun is useful when enq>loying the diffraction adapter of the 
microtoope to obtain diffraction patterns of specimens, dnee it 


supt>Ues a high intensity, single-source electron beam that is most 
effective in this implication. In conjunction with the focusing 
magnifier, the gun makes easy the detection of vibration, image 
drift, and magnetic field effects. The RCA self-bias gun Is inter¬ 
changeable with the zero-bias gun which is standard equipment 
for the Type EMU electron microscopc.—SciENTmc Instrument 
Section, RCA Enoinkerino Products Department, Camden^ 
Now Jersey. 


The Type 112 direct coupled 
amplifier has a band width of d.c. 
to one megacycle when used at a 
maximum voltage gain of 5000. For voltage gain requirements of 
166 and less, the band width extends to 2 megacycles. An output 


Direct Coupled 
Amplifier 



of approximately 150 volts (peak to peak) is available to a high 
imp^ance load such as CRT deflection plates. Continuously 
variable control of gain, 15 to 5000, is accomplished by the com¬ 
bination of a step and variable attenuator. Either single-ended or 
differential input may be employed. 

A one-kilocyclc square wave calibrating voltage from 0 to 50 
volts is available by a nine-position range switch in conjunction 
with a calibrated potentiometer providing an accuracy of plus or 
minus five percent, and the unit has unusually low drift char¬ 
acteristics. 

This amplifier has been developed primarily as an accessory to 
the Tektronix Type 511-A, Type 511-AD, and Type 512 cathode- 
ray Osdlloscopes. Its combination of high gain and wide band 
characteristics suggests other uses. Weight is approximately 30 
pounds.— Tektronix, Inc., 712 5. E. Bmvihome B/wf., PorUastd 
14, Oregon. 

Mica Window Counter in the field of beta*ray counting. 

Radiation Counter likbomtorfm 
has produced a RCL fusion seal mica window oounter, the 



Mark 1, Model 3. In this counter the thin mica window is rigidly 
sealed by a direct mica to glass fusion—thus avoiding the leakage 
possibilities inherent in counters using cements^ organic binders 
etc. A smooth, clear, lead borosilicate ^*seal bridge” is established, 
having a coefficient of expansion between that of lime glass and 
that of mica. A wide flange insures a large mica to glass area and 
the mica window is housed by metal fittings to provide against 
breakage. 

The tube may be firmly supported on the standard RCL Lucite 
mount by a metal attachment which makes possible an accurate 
adjustment of the tube position. The convenient tube socket 
makes the tube adaptable to various commercially available 
shields. 

The counters are available with mica window thicknesses of 
3-4 mg/cm*. For those experimenters using less energetic emitters 
such as C** and S**, mica window thicknesses of less than 2 mg/cm* 
are available. 

Each counter tube is checked twice before it leaves the labora¬ 
tory and complete threshold and plateau curves are provided 
with each unit tube. A shelf or storage life guarantee of six months 
accompanies the counter.—RADiATioN Counter Laboratories, 
Inc., 1844 West 21st Street^ C/itcajja, 8, Illinois, 


Doal^Chaimel with the H -21 dual-channel 

OsciUosCODe oscilloscope it is possible to ob- 

^ serve and analyse two independent 

and rapid phenomena occurring simultaneously. Such variables 
as speed aiid vibration, input and output signal of amplifiers, 
velodty and acceleration, or even a complete signal with an ex¬ 
panded portion of the signal can be compared. 

The new H-21 contains two separate and complete electron 
guns in a single, five-inch fiat face tube. Each channel has in- 
^vidual controls for intensity, focus, and X, F, and Z axes. 
Vertical defiection sensitivity is less than 0.1 volt d.c./inch. 
Vertical amplifiers have conductive differential input in the IX 
attenuator setting, allowing the use of push-pull preamplifiers 
for medical purposes. Vertical and horieontai amplifier oqtputs 
are hterchangeable, thus allowing the connection of the more 
aeoaitive amplifier to the horiaontal deflection plates for visual or 
pkktogrwhic {Hirposes. Triggering is in continuous sweeps of 2 
to 50kc; I second to 20 microseconds. Delay after tr^niering 


is less than one microsecond. Calibration voltage is continuous 
and indicated, 0 to 1 volt peak to peak, on a panel voltmeter. 
Range, up to 100 volts, is governed by the attenuator setting. 
Weighing only 65 pounds, and 14J in.Xl6| in.X21 in. in size, 
the H-21 should alst> prove valuable wherever weight and size 
are important factors. Designed for complete accessibility, every 
part can be brought into full view wi^in 30 seconds.— Elec¬ 
tronic Tube Corporation, 1200 East Mermaid Lane, Chestnut 
Hill, Philadelphia 18, Pennsylvania, 

High-Speed Mechanical A new high speed mechanical 
Sampler sampling device has sampling 

rates and performance far ex¬ 
ceeding those of any known device of this type. Clean and reliable 
switching at sampling rates up to and exceeding 5000 cycles per 
minute is successfully achieved with good life. Sixty make-before¬ 
break contacts are sampled each cycle. Switches with 30 con¬ 
tacts are avwlable with even higher sampling rates. 

The switch is so designed that it may be driven by an external 
shaft thus permitting direct synchronization of electrical circuits 
with mechanical motion. The device may also be furnished in one 
unit with driving motor of any design or speed within the al>ove 





m 


NEW INSTRUMENTS 


Mnlts. Power drain is extremely low which tenders it particularly 
attractive for many apptications. The switch iacompletdy en¬ 
cased as a protection against foreign material. It is cmerable at 
wide temperature ranges and under high forces of aocelemtion.— 
Amau) ScaNCE Coepoeatiok or PtiNcrroN, P. 0. Boi^No. 44, 
New Jersey. 

Microscope ^ low-priced industrial 

microscope^ Model 232/ it avail- 
Mt for general industrial and laboratory use. This instrument is a 
quality, medium power microscope with built-in illumination 
and measuring scale (reticle), and high quality optics. 



With a magnihcation of either 20X or 40X, this microscope has 
excellrat resolving power and light efficiency. 

For quantitive measurement and analysis of all types, a reticle 
has htm incorporated for direct measurements with divisions of 
0.004 in. and 0.002 in. for respective powers. 

The eye point is more than oneii^ above the eyepiece. This 
enables the operator to work when wearing glaisse^ thus providing 
corrected vision for all examination. Focusing by^ means of the 
friction sliding tube is easy and positive, 

Fini^ is in black Dulite, polished chrome, and deep maroon 
baked enamel. Ruggedly built, the instrument is light and port¬ 
able with its own carrying case.—CLAKKsq^ Corporation, 
JIP27 West Pice Boulevard, Los Angeles 34, C^omia. 


Manufacturers* Literature 

Btoctronic ComfMment8—50-page Catalog No. 49 is a tech* 
niad referenoe manual of tube soc^U and shields, connectors, 
temufial strips, lugs, dips, brackets, and miscellaneous items. 
-hCinoi MANUFACTtmiNO Corporation, Ckkage n, liNnek. 


Technical data sheet on three series of small pre- 
dsion potentiometers, with power ratings of If to 5 watts and 
linearities to within :f:0.03 percent.— Ford Enoinsbring 
Company, Bex JS3, Los Angdes 41, CaHfemia, 

Relays —Catalog D-20A describes and illustrates industrial 
and general-purpose relays and gives general information of the 
function of relays. Types of relays included are sensitive, 
midget metal base, heavy duty midget, midget magnetic, 
heavy duty power, thermal time delay, and motor-driven 
time delay relays.— Ward Leonard Electric Company, 31 
Soulh Slreel, Mounl Vernon, New York, 

Spectrogram Comparator —Bulletin 168-49 describes and 
illustrates a comparator of the traveling microscope type in¬ 
tended for measuring spectrographic plates and similar records. 
The instrument reads to one micron over a range of 155 mm.— 
Gabrtner Scientific Corporation, 1201 Wrigklwood Ave¬ 
nue, Chicago 14, Illinois, 

Minatune Stsitdanl Cell —Bulletin B-63S-A. Z>e8ign of cell 
radically departs from the classical-mechanical construction 
of the Weston standard cell, although retaining the original 
electrochemical design. Size is } in. square by 3} in. high.— 
Muirhead and Company, Ltd., Elm^s End, Beckenham, 
Kenl, England, ^ 

Roiistoni and Sound Equipment— 36-page Catalog No. 
11-A illustrates and gives spedhcations on precision resistors, 
variable attenuators, and various items of electronic equip¬ 
ment including audio amplifiers and power supplies. Also 
included are mixer attenuation curves, mixer circuits pad 
formulas, and a voltage ratio table.— Cinema Engineering 
Company, 1510 Wed Verdugo Avenue, Burbank, CaHforma, 
Mereuiy Switchea— 16-pagc Catalog No. 1343 describes a 
number of switches of two basic types, mercury-to-electrode 
and mercury-to-mercury. Their manufacture and testing is 
shown and typical applications are outlined.— Minnbapolis- 
Hokbywbll Regulator Company, Brown Instrument 
Division, Wayne and Roberts Avenue, Pkiladdpkia 44, 
Pennsylvania, 

Shaat Materials Testing— 20-page Bulletin No. 1400 de¬ 
scribes instruments and procedures for various methods of 
testing paper, paper-board, textiles, plastics, and other sheet 
materials.—W. and L. E. Gurley, Troy, New York, 
Accelerometer —Single-sheet Bulletin No. 4.4 describes sub¬ 
miniature accelerometer Model F for detecting and measuring 
static or dynamic accelerations in applications requiring minia¬ 
ture components. It is i in. square by 2^ in. long, including 
terminals; weight, 23 g. Measures from db4 g to d=25 g, de¬ 
pending u|^n the model.— Statbam Laboratories, 9328 
Santa Monica Boulevard, Beverly Hills, California, 

Optical Olaao— 24-page Catalog E-30 is the first optical 
glass catalog that Bausch & Lomb has issued since the start 
of World War 11. It features the story of the manufacture of 
optical glass and lists technical speciheations of available 
Bausch 8c Lomb glass.— Bausch 8c Lomb Optical Company, 
Rochester 2, New York. 

Predsionomica —A new bi-monthly house journal contains 
items of interest to scientific and laboratory workers and to the 
general trade. Specialized fields, including petroleum, metal- 
lu^, rubber, plastics, cement, soils and lime, plus laboratory 
utiUties, will have articles of interest.— Precision Scientific 
Company, 3737 West Cortland Street, Chicago 37, lllmois. 

Cotorimeter—Single-sheet Bullettn B-214 describes a new 
type of filter colorimeter difiering from the ordinary pre- 
calibrated or visual colorimeter. Some of the features of the 
Coteman fitter photoelectric colorimeter are a galvanometer 
scale panel calibrated in transmission and density, which is 
removable for insertion of other calibrated panels for a par¬ 
ticular analysis; filters covering six uniform increments of 
spectral purity; selection of corvettes from 25 mm to 
capillary size; a photo-cell operating at efctreinety lmY seiiSi^ 
levris, insuring better linearity, freedom from bell 
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and accompanying drift.— E. Machlbtt and Son, 220 Easi 
23d New York JO, New York, 

High Vacnum—Single-sheet describes and illustrates Type 
90*^ packless valve of the bellows type, compact but de¬ 
signed for minimum flow resistance in high vacuum service. 
Also on this sheet are described a packless throttle valve 
Type R62ST, couplings for glass-to-metal or meta!-to-metal 
joints on vacuum systems, tubing for introducing a standard 
leak, a variable leak, and a sensitivity tester for leak detec¬ 
tion.— Vacuum-Electronic Engineering Company, 316 
37ik Sireei, Brooklyn 32, New York, 


New Materials 


Forest K. Harrist AMocUite Bditor 
in Charte of this Section 

National Bureau of Standards, Wathington. O. C. 

Hafnium Hafnium (element 72) is very 

scarce in pure form but is usually 
present to some extent as an impurity in zirconium, from which it 
may be separated only with diflBculty. There is no known chemical 
reaction which is possessed by one of these elements but not by 
the other, so that any method employed for their separation 
(crystallization, precipitation, distillation) is necessarily fractional 
in character. Hafnium is not easily obtained in the massive state 
by fusion because of its high melting point. The hot-wire technique 
may be used. Crude hafnium is healed in an atmosphere of iodine 
to obtain hafnium tefraiodide. The tetraiodide is vaporized at 
600^C and, upon coming in contact with a tungsten filament at 
180U“2000*C, deposits hafnium. In this way bright, ductile haf¬ 
nium filaments 2-4 mm in diameter may be produced. 

The important physical characteristics of hafnium are listed in 
Table I. Its properties arc very similar to those of zirconium. It 

Tahle I. 

Melting point ca, 2230‘*C 

Specific gravity 12.1 

Atomic volume l3.42Ai 

lonixation potential 7.3 volts 

Electrical resistance at 0*C 0.30 X10* ohm -cm 

Temperature coefficient of resistance 0.44 XIO* 

Speeme heat at 210”K 6.02 g cal./g atom 

Atomic weight 17S.6 


is a brilliant metal which is soft and pliable like copper. It can be 
cold-rolled, hammered, or drawn. It is fi^s sensitive, traces of 
oxygen or nitrogen ruining its malleability. There arc no dc- 
oridicers known for hafnium because it is so reactive itself. If a 
edd-worited piece of metal is annealed, the absorbed gases react 
to increase its electrical resisUnce and decrease its temperature 
coefficient of resistance. 

Compared to most metals hafnium is relatively new, compam- 
tivdy scarce (because of the difficulty in separating it from zir¬ 
conium), and quite expensive. As a consequence its commercial 
pcNMibiiities are quite limited at present. Owing to its high meltii^ 
point and electron emission it has been tested as a filament in 
lamps and vacuum tubes and as a cathode in x*ray tubes. Hafnium 
nitrate is added to tungsten oxide to the extent of 0.1-0.3 percent 
prior to the reduction of the oxide to tungsten. In this way grain 
growth is controlled with decreased tendency to offsetting. Special 
gteaies have been prepared using hafnium. Patents have been 
IsiAted for alloys prepared from h^nium with nickel, t^per and 
dim; with manganese, chromium, iron, cobalt, nickel, and 
copper; and with 80 parU nickel, 20 parU chromium, and 0.5 
parti hafni n ™ in the production of electrical resistance heating 
dementi, 

tlie above material was abstracted from an article entitled 
by D. R* Martin, in the current isaue of Foe^FrieUe 


[21, No. 1 (1949)].— Foote Mineral Company, 18 Wesl Chdkn 
Avenue, PkUadelph4a 44, Pennsylvania. 

Laminated Metal Inter-Wdd is a process in which 

gold is permanently bonded to a 
non-ferrous metal base. Gold is welded to a barrier layer of pure ^ 
nickel which is in turn silver-soldered to the base metal. The 
nickel barrier prevents the silver solder from bleeding through 
into the gold. Brass, nickel, monel, cupro-nickel, and beryllium- 
copper may be used as base metals. The entire assembly can be 
rolled to a thickness as small as six mils. Ratio of gold to over-all 
thickness can be as low as 1/600 with the gold measuring nine 
millionths of an inch. Strips four inches wide and in any length 
are available. The materid is shipped in roils interleaved with 
tissue or with the mirror finish protected by a strippable plastic 
coating that can be left in place for stamping and drawing opera¬ 
tions.— American Silver Company, 36-09 Prirtce Street, Flushing, 
New York. 

Improved Carbide Higher hardness, more wear 

for Tools resistance, greater cutting-edge 

strength and cratering resistance, 
and a more rapid dissipation of heat at the cutting edge are 
claimed for an improved No. 90S Grade Carboloy cemented car¬ 
bide, used for light roughing cuts and finishing on non-ferrous 
metals and cast irons with hardness up to Brinell 550, The new 
material is stated to be fully as easy to braze and grind as was 
the old Grade 905, with increased service life and an improvement 
in holding size on long cuts and high production jobs. Performance 
tests have also shown that heat is carried away more rapidly from 
the cutting edge. Many sizes and types of standard tools and 
blanks in the new material are carried in stock.— Carboloy Com¬ 
pany, Inc., DdroU 32, Michigan. 

Metallurgical Products Flawmaster is a thermoplastic 

comtKJund which may be tied to 
reclaim metal parts and castings with surface flaws, gas holes, 
faulty machine surfaces etc. It is applied manually, curing time 
being adjusted (between three minutes aud 48 hours) by the addi- 
tion of a polymerization agent. After curing it is machinable, 
chemically inert, and resisUnt to a wide range of temperatures 
( —75®F to 500®F). It is designed for the permanent stoppage of 
leaks in liquid and pressure-tight parts, and is applicable to both 
ferrous and non-ferrous metals. 

Bonding Agent R-3I3 is designed for manually bonding dis¬ 
similar and similar materials such as glass, plastics, Neoprene, 
leather etc. to metals; and ferrous to non-ferrous metals. It is 
stated to meet high industrial requirements for pressure, chemical, 
and temperature resistance. 

One advantage offered by both of these products is their sim¬ 
plicity of application, which is manual, no elaborate machinery 
being requir^. Descriptive literature may be obtained from the 
manufacturer,— WE.STERN Sealant, Inc., 9042 Culver Boulevard, 
Culver City, California. 

Rubber Seal A change to a newly developed 

Neoprene for the rubber com¬ 
ponents of Sealnut (a combination mounting and sealing device 
for toggle switches and control shafts) provides greater flexibility 
at low temperatures and greater resistance to sunlight, weathering, 
and other aging factors. SedmU is used extensively in equipment 
to prevent dirt, water, or gas from entering panels around switch 
and control shafts. A flexible elastic sleeve tightly grips the pro¬ 
truding shaft or toggle. An internal rubber ring seals the nut to 
the panel, yet permits metal-to-metal contact, insuring a solid 
mounting. It has been approved for various ^lash-proof and 
water-right requirements and finds many indoor uses for pro¬ 
tecting equipment in the presence of dusts or corrosive fumes. It 
can be r^ily substituted for standard mounting nuts now in 
seirvice,-«RAPio Frequency Laboratories, Inc., Boomton, New 
Jeney, 
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Hydraulic Fluid Lindol HF^X is a flame re* 

sistant hydraulic fluid with a tri- 
creeyl phosphate base. As it is not chlorinated it does not give off 
mmous fumes when exposed to high temperatures. Because of this 
feature, combined with its non-burning property, high lubricity, 
corrosion resistance, and low cost, it is expected to be widely in¬ 
corporated in hydraulically operated installations. It is available 
in a wide range of viscosities and can be used in any system 
equipped for non-haaardous hydraulic fluid operation, or in any 
other system with but few changes. The manufacturer states 
that the initial cost of the material is lower than that of any 
comparable product and that lower maintenance costa offer 
added economics.—CfiLANESE Coiupofation of^ America, 180 
Madison Avenut, New York 16^ New York. 

Paint Remover A new paint remover has been* 

developed which is believed ap¬ 
plicable to high speed industrial processes. Aircraft camouflage 
enamels were so resistant to ordinary paint remover techniques 
that a special preparation was developed by the Air Force for this 
purpose. It was not, however, stable enough in storage to give 
satisfactory service. It is believed that revisions in the basic for¬ 
mula have met the storage problem, and that a specifleation now 
exists which is superior to special purpose proprietary items 
previously available. The material is applied by a spray method 
and is followed by a high pressure water wash. 

This material is describe in a report PB-97658, ^‘Development 
and evaluation of paint remover,’* available from the Office of 
Technical Services at $1.75 per copy. (Checks or Money Orders 
should be made payable to the Treasurer of the United States.) 
The report also contains details of systematic tests made for the 


substitution of various con^nenta in the basic paint remover 
^)eciflLcation. As a result, a variety of satisfactory materials may 
be used.— Opfzcx or Techkicax Servxocs, U, 5. Deparlmmd ^ 
Commarct^ WaskmgUm 25, D. C. 

Cutting Oil Additive OiUaver 1$ a product which, 

added in smidi concentration (1 in 
400) to water, permits a 50 percent reduction in the water- 
soluble oil used, with no loss in coolant standards. This product 
also leaves an invisible protective film on surfaces it contacts 
with consequent rust protection of machines and machined parts. 
It is non-flammable, non-toxic, and does not have an unpleasant 
odor. It can be used in most water-soluble cutting oils and in a 
wide range of dilutions. 

The manufacturer will supply a free test kit on request. It is 
suggested that the request be accompanied by a description of the 
machining operation, metal worked, cutting oil, and dilution 
formula.— The Beacon Rust Proopino Manupacturino Com¬ 
pany, 20 East 33 Street, New York 16, New York, 

SpOCiftl Cooling Oil Cyclotron Oil was developed 

especially for cooling the magnet 
coils of Carnegie Tech’s synchro-cyclotron and was donated to 
the project by the Gulf Oil Corporation. It permits direct-contact 
cooling of the copper coils in channels as narrow as iV in. and 
therefore enables the coils to be more closely spaced than is pos¬ 
sible in other designs, with a consequent reduction in magnet 
sixe. The oil is a good electrical insulator and has the unusual char¬ 
acteristic of resisting sludging and “breakdown” in contact with 
copper.— Gulf Oil Corporation, Pittsburgh, Pennsylvania, 
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Direct Calorimetry by Means of the Gradient Principle 

T. H. Benzinger and C. Kitzinger 
Naval Medical Research JnstUuUy Bdhesda, Maryland 
(Received April 8, 1^49) 

A rapidly responding calorimeter for continuous recording of biological heat exchange has been described. 
The meth^ is based on the enclosure of the subject in a shell completely lined with a uniform heat flow 
metering layer (“gradient layer“) while ventilatory and respiratory heat losses are determined in heat ex¬ 
change meters based on the same technic. The measurement comprises in one thermoelectric potential the 
sum of all components of heat loss (radiant, convective, conductive, and evaporative fractions). Partitioning 
measurements of respiratory and evajwrative heat losses are readily obtained. Environmental conditions 
can be closely controlled, and widely varied. 

The gradient calorimeter with its rapid response (time lag 42 seconds) is specifically designed for studies 
of reflex mechanisms involved in temperature control. It is, however, suggested that the characteristics de¬ 
scribed will, in general, encourage wirier application of direct calorimetry in experimental and clinical studies. 


L BACKGROUND 

I N the history of human calorimetry both indirect 
and direct methods have been shown to be of merit. 
Although direct calorimetry was first employed (A, 
Lavoisier, 1793), indirect chemical procedures intro¬ 
duced by Regnault and Reiset in 1849 attained wider 
use mainly because such measurements were less ex¬ 
pensive and more convenient. New objectives required 
simultaneous application of both direct and indirect 
methods. Direct cabrimetry was again resumed when 
Rubner compared heat loas and energy production 
from oxygert and food, in 1891. He formulated his 
results in the famous statement, that the law of conser¬ 
vation of energy is valid in the human body. Later on, 
direct calorimetry produced a wealth of knowledge in 
studies on nutrition (Grahom-Lusk, Benedict, and 
others) and was finally extended to new fields, with the 
investigation of mechanisms involved in heat loss and 
the maintenance of internal body temperature. Dubois^ * 
atnd Hardy*-* achieved results of fundamental impor¬ 


tance employing classical methods such as the Atwater- 
Rosa-Benedict and the Russell-Sage calorimeter. 

The classical calorimeters, however, were difficult to 
operate. Many single readings had to be taken by several 
observers and many calculations and corrections were 
required after the experiment was completed. Long 
preparation was necessary before reliable measurements 
could be obtained, and the response of the calorimeter 
to changes in thermal output was extremely slow, re¬ 
quiring as much as an hour of full response time. 
Hence, for the clinical determination of energy ex¬ 
change, direct methods have never competed success¬ 
fully with indirect methods using gas analysis. If 
simpler methods for the thermal measurement of heat 
output could be developed, direct calorimetry would be 
the procedure of choice in many instances. 

The recent trends in direct calorimeter design have 
been in the direction of automatic operation and a 
diminished inherent inertia in the instrument. The 
contributions made by Benedict,* Bothe,® Leschke,^ 


* E. F. DuBoU, Basal MeUMism in BeaUh and Disease (Lea 
and Febigcr, Philadelphia, 1936), third edition. 

» E. F. DuBois, The Mechanism of Heat loss and TemperatM^c 
lUiiilaikn (Lane Medical Lectures, Stanford University Press, 
Stanford University, CUtlifomia, 1937). 

* 1 D. Hardy and £. F. Dubois, “Regulation of heat loss from 
the iiuinta body,** Proc Nat. Acad. Sci. 624 (1937). 

* J, D. Hardy and G. F. Sodcrstram, “Heat loss from the nude 

|f>etf^heral Wood flow at temperatures of 22*C-35®C,” 


* F. G. Benedict, “Zwei elektrisch kompensierte Emisnons- 
kalorimeter ftir kleine Here and S&uglinge, und fflr Erwachsene,” 
Handbuch der blol Arbeitsmethoden, Abt. IV, Teil 13,689 (1934). 

• W. Bothe and H. Woll^hitt, “Neue (derate fflr dir^te und 
indir^te Kalorimetrie/’ Handbuch der biol. Arbeitsmethoden, 
Abt. IV, Teil 13, 943 (1937). 

^£. Leschke, “Graphische StofiwechselT^stfierung,** Hand¬ 
buch der biol. Arbeitsmethoden, Abt. IV, Teil 10, Heft 5, 891 
(1926), 
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Burton,® Burton and Bazett,® Barrows and Murlin/® 
Murlin and Burton,” Winslow, Herrington, and 
Gagge,”'^® and Palmes and Park” are widely recognized 
and the description of their work needs no repetition. 

Despite efforts to reduce the inertia in direct calorim¬ 
etry, the response time has remained far slower than 
the rate of heat transfer from the subject to the measur¬ 
ing system, this latter rate being the limiting factor in 
the measurement of total heat output. Efforts to de¬ 
velop a human calorimeter with a shorter response time 
appear to be justified. Immediate changes of human 
heat loss must be expected when environmental condi¬ 
tions are suddenly altered. Changes of posture, effects 
of drugs, procedures used in physical therapy, and 
muscular exercise may result in rapid fluctuations of 
thermal output. Reflex responses to thermal stimuli, 
involved in the mechanisms of heat regulation and 
temperature control, might thus affect heat loss so 
rapidly that existing calorimeters could not ade¬ 
quately follow the course of physiological events. 
These objectives call for contmuously recording pro¬ 
cedures. However, direct immediate recording of the 
total heat exchange has not been achieved in the past. 
Certain components of the total have required separate 
measurement by various means, such as the determina¬ 
tion of evaporative heat loss gravimetrically or by 
infra-red absorption of water vapor. Another example 


• A. C. Burton, “The application of the theory of heat flow to 


the study of energy metabolism,” J. Nutrition 7, 497 (1934). 

* A. C. Burton, and H. C. Bazett, “Exchange of heat and vaso¬ 
motor remonses,*' Am. T. Pl^ol. 117, 36 (1936). 

w W. M. Barrows, and W. R. Murlin, "A new automatic respira¬ 
tion calorimeter and a study of the influence of suMrs on Wt 
production in the rat,” J. Nutrition 13, (Supp.), 17 (1937). 

”T. R, Murlin and A. C. Burton, “Human calorimetry. I. 
Semi-automatic chambers,” J. Nutrition 9, 233 (1935). 

^ Winslow, Herrington, and Gagge, “A new method of parfl- 
tiooal calorimetry,^^. J. Phys^lk 641 (1936). 

” Winslow, Herrington, and Gagge, “Physiological reactions of 
human body to varying environmental temperatures,” Am. J. 
PhysioL 120,1 (1937). 

” E. D. PaltM and C R. Park, "A method of human cabrim- 
etry.” Dept., PleW Res. Ub., Fort Knog, Kentucky, 

(April 1, m?), ProiKt No. SS, Report ko. 1 


is the coQq>utatioii of ndiant heat outpat as derived 
from average skin and wall temperatures. Such methods 
are cumbersome and liable to error. Therefore, it was 
made the object of the present study to develop an 
accurate and rapidly responding instrument for im¬ 
mediate, complete, and continuous recording of the 
human heat loss. Our meUiod is baaed solely on the 
physical laws of heat transfer. 

n. PBINCIPLBS UNDERLTinO THE OPERATION 
OP A HBAT-MRASURINO SHELL 
WITH GRADIENT LATER 

When heat is transmitted across a layer of thermally 
conducting matter, a difference in temperature will be 
found to exist between the two surfaces of the layer. 
It follows from the definition of thermal conductivity, 
that 

d,^qXD/\ 

where: difference of layer surface temperatures 

(“C), 9=heat flow (cal./sec.), thickness of layer 
(cm), X>*>specific thermal conductivity of the layer 
material (cal./sec. cm °C). If D and X are kept constant, 
the “gradient” d, can be used either for an instantane¬ 
ous measurement or continuous recording of the heat 
flow, q. The gradient at any point of the layer may be 
measured by fixing one of a pair of electric thermometers 
on each side of the layer at that point. Such an arrange¬ 
ment may be called a “gradient layer.” 

The principle has formerly been used to determine 
local heat flows, or to establish thermal characteristics 
of materials (Nichols’ heat flowmeter). It has also bMh 
used to determine local heat loss in humans (R. 
Bilttner**). 

Fewer attempts have been made to use the gradient 
principle in the measurement of total beat loss from 
biological or other sources of heat. J. D. Hardy and 
R. Day (1941)** have described an example of such an 
application to an infant calorimeter. This publication 
came to our attention after the war. 


The Day-Hardy calorimeter consiata of a colter thell 
built in the form of a box, inside of which 12 oapf*x plates 
are mounted at a distance of 1 cm from the wall. The tern- 
peraturce of these plates are measured against standard tem¬ 
peratures every 3 to 5 min., by meens of one thermocouple 
for each plate, calculative comparison being made with the 
temperature of the surrounding air as measured with thermo¬ 
couples above and underneath the oo|q>er ebdl at four differ¬ 
ent places. Under the conditions of dMir experiments. Day 
and Hardy found the average gradient of temperature over 
the two layers of air, including the intermediate copper shell, 
an appropriate mesnire of the heat output of celibrating units 
or of infante. Another instrument of tUs type was recently 
described in this journal by L. R. Prouty, U. I. Barret and 
J. D. Hardy.- 


** K. Bttttner, PkysHuNselu BieUimaUiictU, Probimu md 
UdMm (Akaiiemiache Veriagigaeellichaft M.BJL, Le4»l|> 
Germany, 1938). 

***Flrouty, Buret, and Hardy, *'Siimlc caJorineler fnr flw 
aimultju^ detendiiatiw of &t lo^aiid hut pndvoim ih 
animals," Rev. 8d. lut 20^ 337 (19W> 
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It was, however, the object of our work to measure 
continuously rates of heat loss from larger subjects 
which dissipate calories from different surface sites at 
different rates. Such a measurement requires further 
elaboration and attention to factors involved. The 
essential requirements for human calorimetry with 
gradient layers may be more adequately outlined by 
reference to Fig. 1. 

The subject will be enclosed in a supporting metal 
shell, the inside of which is lined with a ^‘gradient 
layer/' The layer consists of a very thin sheet of ma¬ 
terial of determined thermal conductivity, X, and thick¬ 
ness, D. Paired electric thermometers, in the form of 
copper-constantan thermocouples, are attached tb the 
surfaces of the gradient material and will, at numerous 
points, measure the ‘‘gradient," which, under the con¬ 
ditions of biological beat exchange, will amount only 
to a few hundredths of a degree centigrade. The sup¬ 
porting metal shell, through its thermal capacity and 
conductivity, will prevent rapid changes of tempera¬ 
ture at the outer (adjacent to the shell) surface of the 
layer. This outer layer temperature is the reference 
standard of the gradient measurement. Continued 
stability of the reference temi>erature, however, which 
simultaneously determines the thermal environment of 
the subject, will be attained by means of a temperature- 
controlled jacket (an open bath in the shown scheme). 

The first requirement for quantitative calorimetry 
in such a heat measuring shell is uniformUy of response of 
the gradient layer. Only if the subject is completely 
surrounded by a heat-sensitive layer of area n(cm^) 
every square centimeter of which responds with the 
same potential, ^(volts), to one unit of heat transfer 
(cal./8ec./cm*), will the total heat transfer ^(cal./sec.) 
be represented by eX«(volt) under every condition. 
In this case, the potential per calorie per second will be 
the same whether the shell be large or small, because the 
gradient will decrease proportionately as the thermo- 
sensitive area increases. Furthermore, the measured 
potential will be independent of the shape of the shell 
provided every unit of the surface yields the same 
potential, e volts, per calorie per second and square cm. 
Likewise, the response to heat loss in a calorimeter with 
a uniformly heat sensitive layer will be unchanged, 
regardless of the location of the subject within the 
cabrimeter, the direction of flow of heat or its distribu¬ 
tion as it is disseminated toward the heat-measuring 
wall. The response in electric potential of such an 
instrument for any given heat transfer, will be propor¬ 
tional to the number of measuring elements per unit 
area, not to their absolute count. 

Gradient layers are sensitive to heat transfer in 
either direction. A skMe ia$e of the measurement (aero 
potential if there is no heat output) can be obtained 
only if the outside is mamtained at a constant tempera¬ 
ture, thus preventing sudden extenud heat chimges from 
affecting the layer. Within reasonabb limits the meas- 
vmxmt will, however, not be affected by the absolute 


level of temperature at which the beat transfer takes 
place. Inherent compensation for different bvels of 
temperature differentiates the gradient principle from 
other principles of human calorimetry.* 

Stability of response is essential to a continuously 
recording method. Constancy of thermal conductivity, 
X, and thickness, D, of the gradient layer are therefore 
required. It is undesirable to have within the gradient 
layer, air spaces of any magnitude allowing internal 
convection which may change the thermal conductivity, 
X. The vertical distance, Z), between the thermometers 
must be precisely set as it is small, for reasons to be 
mentioned below. Solid layer materials of sufficient 
rigidity are required. Penetration of water in the layer 
must be avoid^. 

Rapidity of response depends on the thickness and 
thermal diffusivity of the layer, as defined in Bothe's 
(1947)^’ theoretical treatise, by the equation: 

where: T*half-response time (sec.), JO=thickness of 
the layer (cm), o—thermal diffusivity of the layer 
material (cmVsec.). 

It is advisable to choose a material of quality and 
thickness such as to keep the rapidity of response 
parallel to the rapidity of physiological events or to the 
rate of heat transfer from the subject to the heat meas¬ 
uring layer. Since physiological changes of thermal 
output induced by reflex activities are presumably very 
fast, and radiant heat is transmitted from the ^in to 
the wall at the velocity of light, the slowness of con¬ 
ductive, convective, and evaporative heat transfers will 
be the limiting factor. These transfers were found 
in a small calorimeter 8X8X16 in. to come to equi¬ 
librium within 30 to 120 sec. Such a response time in the 
gradient layer therefore seems to be sufficiently short 
for measurements in a full-scale human calorimeter 
where conductive and evaporative heat transfers will 
require even more time. 

While the absolute level of temperature will not 
affect the measurement of thermal output, it will, 
however, greatly affect the environment of the subject.^ 
Any source of heat that has an appreciable thermal 
capacity such as a human subject, will temporarily 
respond with an increased heat output to decreased en¬ 
vironmental temperature, and vice versa. From this it 
follows that heat will be lost from or stored within the 

• Rubner’s air calorimeter, for example, needs a compensatory 
chamber which Bothe has improved by using two ^uivalent 
instruments, one of them for the subject, the other as a bUmk 
chamber. 

W. Bothe, Zur Piauung des Schicht-Kalorimeters.” AAF Aero 
Medical Center, Hq., 3rd Central Medical Establishment, Heidel¬ 
berg, Germany (November 1946), Institute Report. 

^ We consider the inner surface of the layer as “environment" 
as there is no way to separate the subject from the air that sur¬ 
rounds him in a calorimeter. This air is subject to changes of 
temc^ture and moisture which will affect die phyriotogical 
conditions. Ihe radiant environment, however, is completely de¬ 
termined by the emissivity and temperature of die inner sunace 
of the layer. 



Fic. 2. Reaponse of a heat metering shell to heat produced in a resistance coil. Voltages induced by various amounts 
of heat transter recorded against time. Zero lines between the recordings have been obtained by switching the calorim¬ 
eter out of the galvanometer circuit. In the right part of the record, zero response at aero heat output is indicated. 


thermal capacity of the body> as the environment 4s 
ccwjled or wanned. These changes in heal output are of a 
physical nature and not manifestations of a ph3rsio- 
bgical response. As gradient calorimeters are intended 
for investigation of rapid changes of heat output, they 
will necessitate more careful control of the thermal en¬ 
vironment than has hitherto been required in calo¬ 
rimetry. 

The temperature of the inner surface which faces the 
subject, will determine the thermal environment, 
whereas the thermal output of the subject will de¬ 
termine the gradient across the measuring layer. The 
outer surface of fhe layer can be maintained at a 
constant temperature by conventional means of tem¬ 
perature control. The inner surface temperature of the 
layer will deviate from this controlled temperature by 
the magnitude of the gradient. In order that the thermal 
environment be practically unaffected by the heat out¬ 
put, the gradient across the layer must be kept small. 
Only thin layers will fulfill this condition, 

A high sensitivity (high voltage per calorie per second) 
could be obtained with gradient layers of poor thermal 
conductivity and considerable thickness, resulting in a 
substantial gradient and a correspondingly high thermo¬ 
electric potential. High gradients, however, are unde¬ 
sirable for the reasons mentioned above. It would there¬ 
fore be preferable to employ more thermojunctions per 
unit area in order to obtain the. desired sensitivity. 
By this means, a more uniform response is also achieved. 
With one copper constantan thermojunction per square 
inch, ten thousand thermojunctions can be installed in a 
human calorimeter seventy-five square feet in area. 
The heat output of a resting human would thus produce 
an electrical output of several millivolts from the layer, 
a potential adequate to operate, without preliminary 
amplification, commercially available recording po¬ 
tentiometers. 

Plans to build a rapidly responding, continuously 
recording human calorimeter on the basis of these 
principle were started by one of us at Rechlin Aero- 
medical Laboratory in 1942. They were resumed by 
Benzinger, Bothe,^^ and Maier-LeibniU at the AAF 
Aeromedical Center, Heidelberg, in 194S, and finally 
by the writers at the Naval Medical Research Institute, 
Bethesda, Maryland. The design for a human calorim¬ 
eter including '‘plate meters’^ (Section VIII) was first 


outlined in a project proposal on June 21, 1947, for 
initiation of a project on "human calorimetry.'' 

A human calorimeter of inner dimensions 32X32X84 
in. is now under construction. The following description 
deals with a smaller calorimeter (8X8X16 in.) of 
similar design and construction, on which the experi¬ 
mental results reported here have been obtained. 

The description of the small calorimeter consists of 
two separate parts: First, the design, construction, and 
testing of a heat-measuring shell will be described. 
Second, it will be shown how gradient measurement 
can be applied to the thermal exchange in ventilatory 
or respiratory circuits, so that direct recording of the 
total heat loss becomes possible. 

ra. CONSTRUCTION OF A HBAT MEASURING SHELL 

A supporting shell of inner dimensions 8X8X16 in. 
was made of aluminum plates J in. thick. One of the 
walls, 8 in. wide, 16 in. long, was removable, with a 
rubber gasket for sealing. The entire inner surface was 
enameled for electric insulation and then lined with a 
gradient layer as follows: 

Strips of copper and constantan foil, 2/1000 in. 
thick, were interlaced through a layer of cellulose 
acetate sheet 30/1000 in. thick. Every square 2X2 in, 
was provided with one thermojunction. The foil ele¬ 
ments were rectangular, 2 in. long, 1 in. wide, composed 
of two adjacent strips of metal, each of ^ in. width, 
copper and constantan, soldered together at one of their 
adjacent edges. These elements were placed on the 
plastic square with the soldered bonding in the middle. 
The elements were connected in series, with bridges at 
their comers, to form a continuous chain. The ctmncct- 
ing bridges penetrate the plastic layer. All copptt- 
constantan links of this thermopile (sequence in one 
direction of the electric circuit) were bonded to one 
side of the plastic layer, and all constantan-copp^ 
links to the other side of the plastic layer (schematic 
slretch in Fig, 1). Rubber cement was used to bond the 
foil and plastic surfaces. The total number of junctions 
was 160. The open surface of the layer was coviwd with 
enameled copper sheets, 5/1000 in. thick, and then 
coated with flat paint. The total internal resistat&oe cd 
the instrument amounted to 2.92SQ after the layeraof 
the six waQs had been connected in seriei Turo wjtes 
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were brought out to connect the combined layers with 
the galvanometer or potentiometer used for testing. 

JV. TESTS WITH A HSAT*MBASURINO SHELL 

For testing the characteristics of performance, the 
measuring shell was immersed in a water bath. Known 
sources of heat were established in the interior, and 
the potentials indicated at various rates of heat flow 
were either read from a precision null point potentiom¬ 
eter,® or recorded with a mirror galvanometer,** and 
photographic slit camera. 

A* Constancy of Zero 

Constancy of zero potential in the absence of heat 
output was tested by switching the heat measuring 
shell into and out of the circuit, while any existing 
potentials were recorded with the mirror galvanometer. 
Zero lines recorded when the heat measuring shell is 
in the circuit are designated in the figures as “calorim¬ 
eter base,'* while the zero lilies recorded when the heat 
measuring shell is out of the circuit, are designated as 
“galvanometer base.” 

Under the conditions of stable reference temperature, 
the “calorimeter base” was found to be stable and 
coincident with the galvanometer base (Fig. 2, right 
part). Such gradient measurements need no correction 
and lend themselves for immediate graphic recording 
of heat losses. 

Rapid changes of temperature in the surrounding 
bath, however, would result in erroneous jwtentials as 
shown in Table I. 

An error corresponding to one percent of a human 
metabolism at rest would be induced, if the bath tem¬ 
perature would increase or decrease at a rate of 3.6®C 
per hour. Such errors can be prevented by conventional 
means of temperature control. 



Table I. 


Temperature increase 
nt surrounding 
bath In ®C/hr. 

Response of 
calorimeter 
in cal./sec. 

Response of calorimeter 
per I^C/lir. In cal./sec. 

0.00 

0,00 

_ 

9 

0.74 

0.82 

12 

1.00 

0.83 

24 

1.93 

0.81 

39 

3.11 

0.81 


B. Reproducibility of Response 

Reproducibility of response was tested as shown in 
Fig. 2. A resistance coil® was suspended in the shell, 
and supplied with dx. current. Current was read from 
a precision ammeter, and the rate of heat flow computed 
from current and resistance. (4.185 watts^l cal./sec.)^ 
In the majority of experiments the coil was covered with 
carbon paper to facilitate emission of low temperature 
radiation. Other arrangements for calibration will be 
described. 

Figure 2 shows potentials indicated at various rates 
of constant heat flow, recorded over time with the 
mirror galvanometer. The shell responds to stable heat 
flows with stable potentials. With thermal outputs 
above 0.5 cal./sec., however, the transfer of heat from 
the coil to the measuring shell exhibits visible fluctua¬ 
tions as indicated in the recordings. This is a character¬ 
istic of thermal convection, which could not be ob¬ 
served in the absence of substantial air motion. The 
oscillations are indicative of variations in heat transfer, 
not in its measurement. 

C. Linearity of Response 

Linearity of response in potential to various rates of 
constant heat flow is demonstrated graphically in 
Fig. 10. The responses in potential were read from the 
null point potentiometer, and plotted against the caloric 
input into the calibration coil, computed from current 
and resistance. Rates of heat flow ranged from J to 5 
calories per second, in these tests. In a human calorim¬ 
eter with a surface area 20 times larger than in the 
present calorimeter, these rales would correspond to 
i to 5 times the heat loss of a resting human. 

D. Sensitivity 

Once linearity of response is demonstrated, the 
“sensitivity” of a heat measuring shell can be ex¬ 
pressed in volts per cal/sec. The sensitivity of our 
instrument is 135 microvolts per cal./sec. A human 
heat loss of 20 cal./sec. at rest would result in a poten¬ 
tial of 2.7 millivolts when measured with a gradient 
layer of same construction characteristics in a full size 
calorimeter. 

• The coil consisted of nickel alloy resistance ribbon, i in. wide, 
10 per foot. It was 10 in. long, 4 in. in diameter. The reiristance 
was 29.00. Four light adhesive cellulose tapes running Icnathwise 
at the inner surface of the coil provided adequate strengui, thus 
reducing its thermal capacity to a minimum. 
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Fig* 4. Equal responses of a heat metering shell, to dry or wet 
heat transfers. In the left part of the record, the calibrating heater 
coil within the shell was partially covered with wet gauze. The 
gauze l^t, as an average, 0.6 mg of water per second which re¬ 
quired 0.34S cal./sec. or 14percent of the total heat output of the 
coil. Such water was found condensed on the walls of the shell, 
llie potential induced by such heat transfer is not visibly different 
from the potential induced by dry heat transfer of the same mag¬ 
nitude (right part of the record) after the wet gauze was removed. 


£. Ixifluence of the Gradient on the Radiant 
Environment of a Subject 

It can be demonstrated by calculation rather than by 
testing, that the gradient produced in the layer will 
not induce an undesirable interdependence between the 
radiant temperature in the calorimeter and the heat 
loss of the subject. M the response of 80 active thermo¬ 
couples was 135 microvolts to one calorie per second, 
each thermocouple yielded an average of 1.6 micro¬ 
volts. The specific thermopotential between copper and 
constantan is approximately 40 microvolts per 1®C. 
The gradient across the layer at one calorie per second 
was therefore less than 0.05®C. The metabolic output of 
a human, when assumed to be 20 calories per second, 
would induce such a gradient in an 8-m^ measuring 
shell of the same design and construction. Doubling 
of such heat loss would increase the radiant tempera¬ 
ture of the environment by less than 0.05 ®C. 

F. Rapidity of Response 

Rapidity of response can be tested adequately only 
with radiant heat transfer to the meter. One rectangular 


side of the hest-messoring shell was removed. An dec-' 
trically heated metal rod was {daced above the open 
shell, at a distance of aiqproximately 10 in. A shield was 
plac^ between the meter and the hot metal. When the 
shield was ronoved, heat was radiated to Uie layers. 
As shown in Fig. 3, the meter re^nded to the onset 
of radiation by full deflecUon within 42 sec. There is a 
slightly greater delay in response when exposure to 
radiant heat is interrupted. 

6. Response to Evaporative Heat Transfer 

The resistance coil used for calibration was dry in the 
tests described thus far. Biological subjects, however, 
lose a considerable fraction of their metabolic heat by 
vaporization of water. Therefore, another series of tests 
was run, with a source of heat involving evaporation: 
A light tray of insulated copper foil, 1/1000 in. thick, 
3 in. wide, and 8 in. long, was placed at the bottom of 
the heating coif and covered with a 3X8-in. piece of 
cotton gauze. The gauze weighed about three grams 
and absorbed about three grams of water, when moder¬ 
ately wet. After each test, the average rate of evapora¬ 
tion could be determined from the weight loss of the 
tray and gauze and was expressed in terms of calories 
per second lost from the coil by evaporation. The loss 
was found to constitute 10 to 15 percent of the total 
when two calories per second were put into this calibrat¬ 
ing instrument. Evaporative fractbns as high as 30 
percent were obtained when radiation and convection 
were suppressed. After the tests, the water was found 
as condensed moisture on the inner surfaces of the shell. 
Figure 4 shows that there was no appreciable difference 
in the records whether the heat was lost from the coil 
by radiation, conduction and convection alone, or 
whether as much as 15 percent of the total was trans¬ 
ferred to the meter by evaporation and subsequent 
condensation of water. 



Fto. 5. IMfmity of response in a heat metering shell. The reeponse of the shdl to a given output of caloiiet per 
•ec^, as the locaUon of the calibration resiatanee coil within the ahell wu 7 ^ varl^ indioated 

^ ^ ncord, by a scheme representing a croaa section through the equare sh^ and the c^diddeical ooil 
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H. Unlfonnity of Response 

Uniformity of response was tested in experiments 
with an equal known input of energy but with different 
location of the source of heat inside the meter. The 
calibration heater (resistance coil) could be moved 
without opening the shell. Suspended on light strings, 
the heater always dropped into the lowest possible 
position when the shell was turned at various angles. 
On the recordings (Fig. S), five different positions 
(one twice) were tested and are schematically indicated 
on the corresponding parts of the record. Deviations, if 
any, amounted to less than ± I percent of the indicated 
potential. Such uniformity of response allows the 
application of the gradient principle to heat exchange 
meters in which heat transfer is exponentially decreasing 
from a maximum at one end to almost zero at the other. 
Losses of calories from respiratory or ventilatory air 
can thus be recorded. 

V. PRINCIPLES OF GRADIENT CALORIMETRY IN 

RESPIRATORY OR VENTILATORY AIR CIRCUITS 

To function as a calorimeter for living subjects, a 
heat-measuring shell must permit exchange of respira¬ 
tory gases. To prevent accumulation of moisture, a 
ventilatory air circuit must be established. Heat would 
be removed from, or conveyed into the calorimeter by 
these streams of air, unless such air would leave the 
calorimeter at the same temperature and humidity, 
which it had upon entering the calorimeter. 

Actually, however, considerable amounts of heat will 
be transferred to the inspired air in the lungs. On the 
other hand, a substantial quantity of heat, reflected 
mainly by increased humidity, will be delivered into 
the ventilatory air, while it circulates through the 
calorimeter. Such heat must be removed, and measured, 
before it leaves the calorimetric system with the airflow. 

Such measurement can be achieved if the heat is al¬ 
lowed to pass from the air into a cooling medium of 
constant temperature, which surrounds heat exchangers 
in both the incoming and outgoing air lines. While the 
heat passes through the walls of the heat exchangers, 
its rate of flow will be recorded by means of gradient 
layers. 

Such an arrangement is shown in Fig. 6. The outlet 
exchanger, is lined with a gradient layer. The 
calories that have been delivered into the air while it 
circulated through the calorimeter (in the case of 
ventilatory air) or in the lungs of the subject (in the 
case of respiratory air) will pass through the layer into 
the cooling medium and thus be recorded. Such an ex¬ 
change and measurement will take place regardless of 
whether the calorics represented an augmented tempera¬ 
ture or an increased humidity. The air temperature will 
be the same at point 2 of Fig. 6 where the air leaves the 
ineter, and at point 1, Fig. 6, where the air enters the 
syi^em. Also, the humidity of the air will be the same at 


points 1 and 2, provided the air at the irdet was moist 
and no cooler than the cooling medium. 

The following requirements are essential: (1) ex¬ 
change of heat in the connecting lines must be pre¬ 
cluded. (2) The exchange of heat between the circulat¬ 
ing air and the cooling medium must be practically 
complete. (3) The quantitative response of the gradient 
layers to heat flow must be linear, uniform, and equal 
in each part of the calorimeter. 

Under these conditions, the potentials indicated can 
be made additive by serial wiring. 

Recordings of the total heat exchange will then be 
obtained directly. Separate measurements can be made 
of respiratory heat losses, or heat removed by ventila¬ 
tion, which represents the evaporative fraction, under 
properly chosen conditions. 

A more elaborate system of heat exchange meters 
designed to permit a wide flexibility of conditions with 
respect to temperature and humidity of respiratory or 
ventilatory air will be shown. First, however, construc¬ 
tion and performance of heat exchange meters (plate 
meters) will be described. * 



Fio. 6. Scheme of calorimeter with respiratory (or ventilatory) 
dreuit. A heat metering air circuit through the heat measuring 
shell 5 is established W means of two heat exdiangers, and Et, 
The outlet exchanger JSi allows the heat given off from the subject 
into the circulating air to pass into the water tank B. This neat 
is recorded by a heat meterinx layer at the walls of the exchanger 
El, The inlet exchanger Et onI>[ provides equality of temperatures 
in the circulating air at the points where it enters (1) and leaves 
(2) the metering system. Gradient layers are indicate by dotted 
Hues. 

* A correction is, however, required for seeming losses of calo¬ 
ries induced by losses of matter. 

Evaporated water leaves the body at Ium or skin temperatures, 
but it leaves the measuring system at the temperature of the 
humidity setting plate meters. Calories liberated in this proceu 
are recorded, though they do not represent an actual he^ loss. 
They need to be suotracM from the rates recorded. If the record 
shows a ineasiured evaporative fraction of heat loss, the acUtal 
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Fig. 7. Design of a “plate meter.Metering exchange of heat 
between circulating air and temperature^onstant baths is achieved 
by close contact with gradient layers. The cork frame is to keep 
the layers at proper distance and to prevent heat transfer in 
side ways. Hie cover was removed. It carnes the outlet and is al^ 
provid^ with a gradient layer. Arrows indicate direction of air 
flow. 

A.I.» Air inlet. C.F.» Cork frame. 

A.O.«Air outlet. G.L.« Gradient layer. 

C,B.**Cork liaffles, M.S.»»Metal shell. 


VI. CONSTRUCTION OF A GRADIENT CALORIMETER 
WITH HEAT EXCHANGE METERS FOR 
CIRCULATING AIR 

A. Plate Meter 

An open plate meter is shown in Fig. 7. An aluminum 
plate, ioxiSXi in., was enameled. A one-inch wide 
brim of the plate was lined with 30/1000-m, thick 
cellulose acetate sheet. A gradient layer, 16 in. wide, 
8 in, long, was constructed on the open area within this 
plastic frame. Materials, methods, and dimensions were 
the same as applied in the construction of gradient 
layers for the heat-measuring shell. Instead of a con¬ 
tinuous sheet, however, copper ribbons 5/1000X1J in. 
were used for covering this gradient layer. The ribbons 
were placed parallel to the short side of the plate. An 
open space of f in, was left between adjacent ribbons 
to interrupt thermal conduction in the direction from 
the air inlet to the outlet. A round opening, 1 in. wide, 
was made as an air inlet in one corner of the plate and 
layer, and was provided with a short tubing, 1 in. in 
diameter, on the other side. 

Upon the plastic frame, another 1-in. wide frame, 
consisting of i-in. thick cork plate, was mounted with 
rubber cement. Baffles of cork, iXi in. were then 
installed, as shown in Fig. 7. 

Another aluminum plate, 10X18X1 in. was simi¬ 
larly provided with a gradient layer, copper ribbons, air 
outlet, and plastic frame. The two plates, with their 
gradient layers facing each other and spaced by the cork 


evaporative fraction of heat loss, Ha. is; 

„ „ (578-Af), , ; , 

—(cal./aec.), 

where Af is the difference between the temperatures of the akin 
and the humidity setting plate, respectively. 

Tran^rtation of matter in the ei^diange of O* and COi docs 
not involve an apjweciable egchange of heat. 


frame and baffles, were bonded together and sealed 
around the edges by means of waterproof tape. 

Between the in- and outlet, a narrow space thus re¬ 
mains which is subdivided, by the cork baffles, into a 
meandering flow passage for ventilatory or respiratory 
air. In such a ‘‘plate meter’* no exchange of heat can 
occur except across the gradient layer. Thermal insula¬ 
tion of the connecting tubings was insured by inside 
lining made from balsa wood tubings of i-in. inner 
diameter. 

B* The Calorimeter 

Another plate meter with a mere mock-up of plastic 
and metal foil instead of the layer, was made for air 
inlet heat exchanger. The two plates and the heat¬ 
measuring shell were assembled, connected, and im¬ 
mersed as shown in Fig. 6. The gradient layers were 
wired as indicated in the diagram in Fig. 8. Potentials 
may be measured either separately or in serial wiring. 
If the potentials are recorded with the current sensitive 
mirror galvanometer, however, substitute resistors must 
be introduced for every layer that is switched off, in 
order to maintain the total resistance of the galvanom¬ 
eter circuit. With a supply of humid air at the inlet, 
slightly warmer than the bath surrounding the plates, 
this set-up is ready for testing. 



Fio. 8. Wiring digram of calorimeter with ventilatory (or 
reiq[>i»toiy) circuit. Ine heat meters of both main shell and plate 
can be switched either sqwrately or simultaneously into the 
galvanometer (€f) dreuit For recording of the potential in the 
5i has to be Introduce instead ^ the 

intiemal rerista^ in the 

double pole iwflehes A and serve this putpoie. 
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Fig. 9(a). Under the same, partially evaporative, heat output from the calibrating coil two records were taken for comparisons: 
One at no ventilation (right) and the other at 3000 cc/min. ventilation (left). In the experiment riiown at left, IS percent of the total 
heat loss was recorded in the respiratory circuit, and only 85 percent in the main shell. With no circulation (right) the total was recorded 
in the main shell, as the plate meter indicated zero. 
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Fig. 9(b). Under a constant circulation of 3000 cc/min. partially evaporative heat output (left) was rompared to dry heat output 
(right). Three percent only of the dry heat output was recorded in the plate, and 97 percent in the m ai n shell, whereas 13.5 percent 
of the total pa^d to the plate, when the thermal output was partially evaporative. 


0 I WOIMIM* 
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NO VENTIUTION VtNTIUTION Vf NTIUTION 


Fig. 9(c). The effect on the base of the calorimetric measure¬ 
ment of an air circulation which would correspond to 30 liters/ 
minute of respiratory volume in a human calorimeter, with a 7°C 
difference in temperature between main shell and plates (essential 
for experiments at various temperatures of the inspiratory air). 

vn. TBSTINO or A CALORIMETER WITH A VENTILA¬ 
TORY (OR RESPIRATORY) AIR dRCUIT 

If the theoretical assumptions made on gradient 
calorimetry of circulating air are correct, and if the heat 
exchange meters are properly constructed, a gradient 
calorimeter with a ventilatory or respiratory circuit 
should te^nd to a certain rate of heat loss with the 
same potential whether or not circulation of air is 
present, whether the rate of circulation is high or low, 
and repudless of differences in distribution of heat be¬ 
tween main shell and plate meter. This can be proven 
experimentally. 

A. TMts with Presence or Absence of 
Air Circulation 

In ..the first series of experiments an air circulation 
fli 3800 cc/min. through the plate meter was estab- 
Med aad later interrupted; the coil released a uniform 
constant flow d calories during the entire period of 


experimentation. The responses of main and plate 
meters were made additive by serial wiring, and re¬ 
corded as shown in Fig. 9(a), under the designation of 
“total.” No difference could be seen between the totals, 
with and without air circulation. Separate recordings of 
potentials from main and plate meter, respectively, 
were taken in addition to ascertain the quantitative 
participation of the plate meter in the measurement of 
total heat loss. 

The first part of the record shows that a substantial 
fraction of the total is transferred, with the circulating 
air, from the main shell into the plate meter under 
those conditions. In the second part of the record, 
taken while circulation was interrupted, the plate meter 
indicated no heat exchange and the total was reflected 
by the potential from the main measuring shell. The 
totab were the same in both cases. 

B. Tests with Varied Distribution of Heat 

In a different arrangement, the distribution of heat 
flow between the two parts of the calorimeter can be 
greatly modified without altering the rate of air circula¬ 
tion. Such tests were made for evidence of reproducible 
quantitative response under varied conditions. Even 
substantial circulation will not transfer a large fraction 
of heat from the mam shell to the plate meter as long 
as the source of heat is dry. If however, the same con¬ 
stant source of heat suddenly begins to vaporixe water, 
a large fraction of the total heat loss will appear in the 
plate meter and will be missing on the record of heat 
exchange obtuned from the main measuring shell. 
This type of eiqperiment is shown on the recording in 
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Fig. 9(b), in reversed sequence. Between the first (left) 
and the second (right) part of the test, a piece of wet 
gau^e was removed from the interior of the calibration 
coil. The shift in distribution of heat flow among the 
parts of the calorimeter is demonstrated. As shown in 
the record, the totals are equal in both cases. 

C* Tests with Various Kinds of Heat Transfer 

In a third series of experiments, provisions were made 
to augment certain fractions of heat loss, at the cost of 
others: An evaporative fraction as high as 28 percent 
was obtained when the ventilatory air from the plate 
meter was drawn from the interior of the heating coH, 
which contained a piece of wet gauze, while the entire 
coil was wrapped in shining aliuninum to suppress 
radiant and convective heat losses from the interior 
of the coil. 

A maximum radiant fraction was expected from the 
blackened dry coil, with interrupted air circulation. 
The conductive fraction must be intensified when the 
dry coil is wrapped in bright aluminum. Under these 
conditions radiation is suppressed, evaporation ex¬ 
cluded, and only thermal air motion induced. Finally, 
a high ^convective heat transfer was obtained by re¬ 
placing the calibration coil with a 10-watt d.c. motor 
driving a fan, which caused a violent and turbulent 
convection in the calorimeter. In this instance, the 
energy was computed from the drop in voltage between 



Fio, 10. Responses of gradient calorimeter in electric potential 
(nnciovolts) to transfer of heat (cal./sec.) lost in (fifferent ways. 
The following fractions were favored by different calibrafion sets; 
(S Radmt, measured in main shell 
9 RadUnt, 3.5 percent of total measured in plate meter. 

X Conductive, measured in shell. 

El ^vective, measured in shell 
Q Rvi^mtive, 2S percent 6| total measured in plate meter. 
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plate 

base 
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Flo. 11. Adjustment after a shift of heat transfer from the plate 
to main meter. The voltages of plate meter, main meter, and total 
were simultaneously recorded, as a drculation of 3 f/min. was 
interrupted (Arrow). 

the two poles of the running motor and from the cur¬ 
rent. The resulfh of tests at various levels of energy in¬ 
put under these different conditions are plotted in 
graphic form as shown in Fig. 10. 

D. Constancy of Zero 

The quantity of heat flow measured in a plate meter 
will be comparatively small. In such a system, however, 
the large thermosensitive area is liable to be affected 
by disturbing influences. It was, therefore, essential to 
test stability of base. Constancy of zero potential in the 
absence of thermal output is demonstrated in Fig. 9(c). 
Both plate meter and heat-measuring shell were con¬ 
nected in series and switched into and out of the gal¬ 
vanometer circuit, while air was circulating at the 
rate of 1500 cc/min. To make conditions of the test 
more severe, a difference of 7®C between the cooling 
media of plates, and main shell, was established. The 
circulating air, however, was protected in these tests 
from thermal exchange with the air in the heat-measur¬ 
ing sheU, in a manner analogous to the necessary insula¬ 
tion of inspiratory and expiratory lines of the respira¬ 
tory circuit. Without such insulation, the capacity of 
the large space of the heat-measuring shell to store 
moisture will induce slightly interfering gains and losses 
of heat from the circulating air. Therefore, humidity 
control will be essential once a ventilatory circuit is 
set up in addition. 

£. Rapidity of Adjustment after Shifts of Heat Flow 
among Different Parts of the Calorimeter 

The rapidity of response in potential to heat flow in 
a plate meter will not differ appreciably from that in the 
heat-measuring shell, since the construction of each is 
the same. Another question of rapidity, however, is in¬ 
volved in air circuit calorimetry. How rapidly will an 
adequate response be re-establiriied after a sudden 
shift of heat flow brom the main meter into die {flate, 
as mi,^t occur following a change horn dry heat Im to 
sweating? As dtown in Fig. 11, the thermal. fvcba H j ip- 
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and its components were simultaneously recorded by 
periodic manual switching as a parallel to the mechanic 
^1 performance of a multichannebpotentiometcr. In 
the first period of the recording, there was a ventilation 
of three liters per minute, which would correspond to 
60 liters per minute of human respiratory rate. Ten 
percent of the heat loss was recorded in the plate. At 
the arrow, the circulation was interrupted. The heat 
flow in the plate went down to zero within 45 sec. The 
main meter, after 2i min,, indicated the previous total. 
Meanwhile, there was only a slight transitory depres¬ 
sion in the total as recorded by both meters in series. 
From this experiment it follows that neither changes 
in the rate of air flow nor shifts from dry to evaporative 
heat loss will disturb the quantitative measurement. 

Experimental results with an instrument described 
in Sections III and VI have confirmed the theoretical 
outlines of gradient calorimetry given in Sections 11 
and V. On the basis of these results a human gradient 
calorimeter was designed. 

Vni. DESIGN OF A HUMAN GRADIENT 
CALORIMETER 

The instrument shown schematically in Fig. 12 is 
designed for a wider flexibility of experimental condi¬ 
tions as compared to the simplified construction of 
Fig. 6. Ventilatory air of low relative humidity can be 
supplied at calorimeter temperature. Temi)erature or 
humidity of the inspiratory air can be inde{>endent!y 
varied. The system operates as follows: 

In the ventilatory circuit, the incoming air must pass 
two heal exchangers (plate meters), one of which serves 
to establish a definite level of ventilatory humidity 
(cooling system /). The purpose of the other is to fix a 
certain ventilatory temperature (cooling system II) 
usually identical with the temperature of the main 
measuring shell. If cooling system I is kept at ice tem¬ 
perature, the ventilatory air will assume an absolute 
humidity of 4.58 mm Hg. During the jmssage through 
cooling system II the air will maintain its absolute 
humidity. The relative humidity, however, will de¬ 
crease as the air will take up a substantial amount of 
heat from the tank. This negative exchange of heat will 
be recorded by a gradient layer in the plate exchanger. 
In the main meter, the ventilatory air will subse¬ 
quently take up a part of the heat produced by the 
subject, some of it reflected by an increased tempera¬ 
ture and some by an increased absolute humidity. 
The outgoing air will immediately re-enter cooling 
system I where the gradient layer will indicate a 
positive heat exchange. This heat exchange will include 
the amount of heat that has been acquired by the 
stream in cooling system //, as well as the amount that 
im been added by the subject in the main meter. If 
the heat meters in the incoming and outgoing ex- 
dhangers arc properly wired in series, the intake in // 
wQl & automatically subtracted from the output in / 
'HSfiA ^ difference will represent the amount of heat 
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Fig. 12. Design of a human calorimeter. 


CP —Compensatory plates. 

G —Galvanometer, 

HP —Humidity setting plates. 

TP —^Temperature setting plates 
wltii gradient layers. 

MP —Metering plates for outgoing 
air. 

M —Moutliplece for respiration. 
RI —Respiratory air inlet. 

RO —Respiratory air outlet. 


5i- 4 —Substitute resistors. 

Swi ~»—Double pole double throw 
switches. 

V —Ventilatory opening In main 

calorimeter. 

VI —Ventilatory air inlet. 

VO —Ventilatory air outlet, 
i 1 

n V Cooling systems. 


given off by the subject into the ventilatory circuit. 
At the outlet in cooling system 7, the ventilatory air 
will finally leave the calorimeter with the same tem¬ 
perature and humidity which it had when it entered 
between cooling systems I and IL It is, of course, 
necessary to prevent any exchange of heat along the 
lines that connect the various meters. These lines must 
be short and carefully insulated. 

There has been no indication in our tests so far that 
the exchange of heat in the plate meter will be incom¬ 
plete to an extent which would cause measurable errors. 
If any such errors should be observed, they could be 
compensated, to a large degree, by preconditioning the 
ventilatory air in an accessory cooling system, A. 
The temperature in A would be adjusted to the tem¬ 
perature of the main measuring shell. If the condensa¬ 
tion of water in the outlet exchanger in 7 should be 
deficient, a similar deficiency would occur in the inlet 
meter in cooling system 77 b^ause the drop in tempera¬ 
ture along the meter is approximately the same in both 
cases. The eventual escape of a small amount of heat 
would be balanced by the transfer of an equal amount of 
heat into the calorimeter. 

The req[>iratory circuit is a mere duplication of tht 
ventilatory one. Temt«rature of imq)ired air will be 
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detemined by the temperature in cooling system II, 
Humidity of inspired air may be varied'from 100 per¬ 
cent to extremely low values by lowering the tempera¬ 
ture in cooling system L In Fig. 12 the cooling systems 
have been only schematically indicated. In actual con¬ 
struction it is advisable to incorporate them in the 
supporting shells of both main and plate meters. The 
cooling medium will circulate through wide shallow 
flow passages left between the two sheets of an alumi¬ 
num double wall. Aluminum baffles arranged like cork 
baffles in plate meters will subdivide the space available 
into flow passages for the cooling liquid. Counterflow 
arrangements will provide uniformity of the reference 
temperature. 

The wiring of the various meters is shown in Fig. 12. 
It is made to permit continuous, simultaneous record¬ 
ings of the following components of heat flow: 

(a) Respiratory heat exchange by individual recording of the 
rejg>iratory plate meter. 

(b) Evaporative heat loss from the skin under every condition 
that does not allow condensation of water within the main shell. 
Recording will take place in the combined ventilatory plate 
meters.* 

(c) Total human heat loss, by serial wiring of the potentials of 
all meters. 

This leaves only the radiant component of heat ex¬ 
change, which is correctly included in the total, to be 
measured separately for complete partition. A method 
for continuous selective recording of radiant heat losses 
and average skin temperatures is under development. 

It has been mentioned in the discussion of the prin¬ 
ciples that a man in a calorimeter of any dimension 
above body size cannot be isolated from the air that 
surrounds him. This air has a certain capacity for mois¬ 
ture and will thus cause a certain inertia in rate of heat 
transfer. Automatic humidity control, by means of 
commercially available instruments which would in¬ 
fluence the ventilatory rate, is, therefore, considered 
in the plan. This was suggested by Dr. J. D. Hardy 
(in a personal communication). The exchange of oxygen 
and carbon dioxide will be continuously recorded to¬ 
gether with the thermal exchanges. A way to obtain 
such recordings, is, for instance, the interferometric 

•Uns measurement comprises a small amount of convective 
heat transfer, which is in any case correctly included in the total. 
If the highest accuracy of partition is desired, this amount must 
be computed from the ventilatory rate, specific, thermal capacity 
of air, and the difference between incoming and outgoing air tem¬ 
peratures in the ventilatory circuit. 
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gas analysis (Bothe) with a recording syatem as de¬ 
scribed by tkt authors.^* An additional method^* makes 
it possible to record immediately the intake of oxygen 
and losses of carbon dioxide in liters per minute. 

XX. DISCUSSION 

It appears from the foregoing tests that gradient 
calorimetry will permit a sensitive and reliable de¬ 
termination of total heat loss from the human body. 
Direct calorimetry thus becomes comparatively simple. 
The many factors involved, such as radiation, conduc¬ 
tion, convection, and evaporation from the skin, and 
respiratory losses of calories reflected either in tempera¬ 
ture or humidity of expired air, have all been channeled 
into the determination of a single thermoelectric poten¬ 
tial, Direct calorimetric measurements by this simple 
technic might well be applied not only to studies for 
which existing calorimeters have been tised, but also 
to other studied for which the latter methods have been 
too cumbersome. This is not the place to enumerate 
such applications. In general there will be three cate¬ 
gories: 

(a) Direct and indirect calorimetry may be simul¬ 
taneously applied when deviations from usual relation¬ 
ships between gaseous exchange and energy formation 
are expected. 

(b) Direct calorimetry may be alternatively applied 
when indirect methods would be disturbed by altera¬ 
tions of respiratory control or experimental changes in 
respiratory gases (O 2 , Nj, CO*). 

(c) The gradient measurement may replace determi¬ 
nations of metabolism from gaseous exchange because 
of its simplicity, once the instrument is set up. 

Besides simplicity, the gradient calorimeter has the 
advantage of rapid response. Sudden and transitory 
alterations of heat loss ixuiy remain unnoticed in 
calorimeters of prolonged inertia. Since the response 
time of the gradient layer is less than one minute, 
this instrument can follow rapid changes in heat loss 
induced by thermal or other stimulation affecting the 
central and reflex mechanisms of human temperature 
control. 

T. H. Benztnger and C. Ritrinmr, ‘Photographic registration 
of interferometric m analysis, AAF Aero Medical Center, Hq., 
3rd Central Medical Estabiyiment, Heidelberg, Germany 
(November 1946), Institute-Report. 

H. Bensinger, ‘‘Untersu^ungen fiber die Atmungundden 
Gasstoffwechsel,” Ergcb. d. Physiol. 41,1 (1938). 
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The capabilities and limitations of several impulse generators and voltage dividers, and amicro-osdllograph 
sweep circuit for dealing with kilovolt impulses in the millimicrosecond range, are described. The most 
successful combination produces and measures an impulse of a rise time equal to 4X10”“ sec. 


INTRODUCTION 


n. GENERATION OF U.H.S. IMPULSES 


T he development of the micro-oscillograph^ has 
made possible the production and measurement 
of impulses in the 20-kv range with rise times of the 
order of 4X10^^® sec. The techniques of working with 
such fast transients pose many new problems, for these 
transients may have frequency components over the 
range from 10 to 3000 mc/sec., requiring extremely 
broad-band ultra-high frequency circuits. The transients 
might justifiably be called ultra-high speed (u.h.s.) 
transients, and the corresponding circuits ultra-high 
speed (u.h.s,) circuits. This paper presents a description 
of the special u.h.s. circuitry investigated for the pur¬ 
pose of producing 20-kv u.h.s. impulses, and measuring 
them oscillographically. 


1. TRANSMISSION LINE TECHNIQUES IN 
U.H.S. CIRCUITRY 


As faster transients are employed, an increasing . 
amount of difficulty is encountered with parasitic 
oscillations and other types of distortions due to lead 
inductance and stray capacity. This difficulty can be 
circumvented by distributing the inductance and 
capacity so that they act like a transmission line. The 
electrical length of such a line can be made longer than 
the signal being measured so that the resonant circuit 
of the parasitic elements is replaced by a pure resistance 
with a delay. Transmission line connections, therefore, 
have been used throughout the present investigation. 

For the analysis of transmission lines in u.h.s. circuits 
it has been found convenient to use equivalent circuits 
to represent the interaction of the signals in the line 
with the circuit elements used as terminations. These 
equivalent circuits give the same answers as can be 
obtained with the more conventional reflection and 
transmission coefficients, but are much more adaptable 
to transient analysis, particularly if non-linear elements 
such as spark gaps are concerned. Figure 1 presents 
some basic equivalent circuits from which other com¬ 
binations are easily derived. Additional equivalent 
circuits for special extended circuit elements will be 
described later. 


•Sponsored by the ONR, the Army Signal Corps, and the 
Air Force under ONR Contract NSori-07^1. . 

•• From a doctorate thesis in physics, Massachusetts Institute 


Research CoundJ Predoctoral Fellow. 
IQ. Proc. O.E. 34,121W (1946). 


Atmospheric Spark Gap 

One of the most commonly used types of impulse 
generator is the atmospheric spark gap, whidi is 
generally believed capable of producing impulses with 
rise times of less than a millimicrosecond. This belief 
stems from the measurements of the formative time 
lags of the atmospheric spark, which have been reported 
to be as low as 1 m^sec. for high enough overvoltages 
(cfl. 200 percent)-^ A first attempt in the present in¬ 
vestigation was in this direction. The three-electrode 
trigger gap shown schematically in Fig. 2 was con¬ 
structed, The left electrode is attached to a 52-ohm 
coaxial transmission line and is initially charged to a 
voltage V (of the order of 20 kv). The right-hand elec¬ 
trode was attached to another 52-ohm transmission 
line down which it is desired to produce the impulse. 
The center electrode is connected through a 10,000- 
ohm resistor to a trigger source. The left-hand (or long) 
gap is arranged so that its threshold is just a few per- 



Fio. 1. Equivalent circuits lor transmission line terminations 
(assumed to be located at x>«0). R is the characteristic resistanoe 
of the line, and P,, and Vt are the incident, reflected, and 
transmitted voltages, respectively, in the line. 

* A summary of the measurements of the formative lag of the 
atmospheric spark is ^ven by R. Strigel, EMtiseka Stosda^kaU 
<Verlag. JuUus Springer, Berli^ 193^, p. 34. 
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Fio. 2. Three-electrode trigger gap at atmospheric pressure. 


cent above V, while the right-hand (or short) gap can 
be nmde much shorter, say one-fourth the length of the 
long gap. When a small trigger voltage of the opposite 
polarity to V is applied to the center gap, the long gap 
breaks down, charging the center gap up to the volt¬ 
age V, The short gap thus finds itself with an over¬ 
voltage of approximately 400 percent, and should break 
down in less than 1 mfisec. Since no voltage appears on 
the transmission line to the right until the short gap 
breaks down, the breakdown of this gap should deter¬ 
mine the shape of the impulse appearing on this trans¬ 
mission line. 

When this trigger gap was built and tried, however, 
it was found incapable of generating impulses with 
shorter rise times than 20 mMsec. The rise time of the 
impulse was unaffected by the length of the short gap, 
nor was it affected ‘ by carefully arranging the gaps 
along the center conductor of a single coaxial trans¬ 
mission line to eliminate inductance of leads and 
capacity of electrodes to ground. It seemed to be a 
fimction of the long gap only. It was certain that the 
short gap was not firing first, because the trigger voltage 
was not capable of breaking down the short gap by 
itself (as could be tested by removmg the voltage V and 
applying the trigger). The explanation of this rather 
unexpected result lies in the transient response of the 
long gap. Thus when the long gap breaks down first, 
it has to supply only enough current to cause a voltage 
drop V across the large resistance of the trigger gener¬ 
ator, i.e., of the order of 2 amp. When the short gap 
breaks down, however, the current through both gaps 
must build up to cause the voltage drop V to appear 
across the characteristic resistance of the two trans¬ 
mission lines, i.e., 200 amp. Although the short gap 
might be capable of delivering this current very rapidly, 
the long gap takes a longer time. Thus, in spite of the 
fact that the short gap fires last, it is the building up of 
current from 2 to 200 amp. in the long gap which deter¬ 
mines the shape of the impulse traveling down the 
right-hand transmission line. 

Pulse Sharpener 

In order to make use of the rapid firing of the short 
overvolted gap it is necessary to isolate it from the 
bng gap. This can be accomplished by means of a 
transmission line between the two gaps which is suflS- 
dcntly long to prevent reflections returning during the 
length of the in^>ulsc (Fig. 3). In practice it is necessary 
to use a three-electrode gap rather than the long gap 
alone in order to prevent loading the trigger generator 


with the low impedance of the transmission line. The 
operation proceed as follows: The triggered gap, when 
fired, causes an impulse of rise time of the order of 
20 m/isec. to travel toward the right on the center 
transmission line of Fig. 3. When this impulse arrives 
at the short gap, this gap has a large overvoltage on it 
and breaks down very rapidly after its normal lag 
time (consisting mostly of the time for an electron to 
arrive in the gap). If this time lag for firing of the short 
gap is longer than the rise time of the triggered gap, 
the impulse appearing on the right-hand transmission 
line will be determined by the breakdown characteristics 
of this short gap, causing a pulse-sharpening effect. 

When this arrangement was tried for different lengths 
of the short gap, it was found that for gap-lengths short 
enough to produce impulses which rose in less than 
1 mMsec., the lag time was shorter than the rise time 
of the trigger gap. This caused the top of the impulse to 
be rounded off to the slow rate of rise of the trigger gap. 
It is not known why this lag becomes so short for high 
overvoltages when there is no intentional source of 
electrons present (such as ultraviolet illumination). 
A clearing voltage of 200 volts between pulses seemed 
to have no effect on the time lag. To circumvent this 
difficulty the short gap was designed to hold higher 
pressures (up to 1500 p.s.i.) and to be adjustable down 
to O.OOl-in. spacing. With these very short gaps under 
high pressure nitrogen it was found possible to have the 
gap long enough so that its time lag was long compared 
to the rise time of the trigger gap, and still short enough 
to produce an impulse which rose to 80 percent of full 
height in 0.3 mMsec. 

In operation, this type of pulse-Aarpening impulse 
generator has the disadvantage that the time lag for 
firing of the sharpening gap is statistical, with the finite 
probability of being shorter than the rise time of the 
trigger gap. This causes occasional impulses to have 
more rounded tops. In addition, the time lag seems to 
be affected by the previous discharge, if sufficient time 
is not allowed between pulses. A possible explanation 
of this effect might be the charging up of small insu¬ 
lating particles on the electrodes during the discharge 
which tend to emit electrons for long periods of time 
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after the dischai:ge is over.* This time was found to be- 
as long as 20 sec., making any set of measurements re¬ 
quiring many trials (such as the statistical distribution 
of time lags) very long and tedious. 

High Pressure Trigger Gap 

Observation of the operation of the high pressure- 
sharpening gap revealed that even for gaps which were 
only slightly overvolted fairly sharply rising impulses 
were produced. These impulses had the general charac¬ 
teristic of rising rapidly during the first part of the 
impulse and gradually slowing down as the voltage 
approached full height, causing the top part to be 
rounded. This observation suggested that a high pres¬ 
sure trigger gap would be successful in producing fast 
impulses if the top part could be sharpened. 

It was thought that this sharpening could be accom¬ 
plished with a high frequency capacitor as indicated 
schematically in Fig. 4. Thus this has the equivalent 
circuit shown in Fig. S, where the resistors R represent 
the characteristic resistances of the transmission lines. 
If the trigger gap fired instantaneously, the voltage 
sent down the right-hand transmission line would be 

iF[l+exp(*-2//i?C)], 

producing a spike on the impulse which decays with a 
time constant of J?C/2. If this time constant were made 
of the order of the rate of rise of the impulse from the 
trigger gap without the capacitor in place, one might 
expect that, with the condenser in place, an impulse 
would be obtained which had neither a spike nor a 
rounding-off. 

The impulse generator shown in Fig. 6 was con¬ 
structed following the above ideas. As one might expect, 
the sharpening condenser does not perfectly balance 
the rounding caused by the firing of the spark gap. The 
best compromise was an eight percent overshoot fol¬ 
lowed by a four percent undershoot. In addition, there 
were small (±4 percent) damped oscillations intro¬ 
duced by the condenser. The initial rise time was of the 
order of 0.4 mMsec. A photograph of a typical voltage 
pulse is presented in Section V, Fig. 19.**** 

^L^iOter, Phyt. Rev. 50, 48 (1936). 

For one planning to use this type of impulse generator, 
two characteristics are worth noting: 

First, care must be taken to make the short gap short enough. 
A ratio of bng-to*short gap of 5:1 at a pressure of 600 p.s.i. was 
found adequate. If this is not done, a spike will appear in front of 
the main i^ulse. This ig)ike is probably due to the di^ilacement 
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m. U.H.S. VOLTAGE DIVIDERS 

In order (a view these impulses (which were of the 
order of 20 kv) with the micro-oscillograph (which 
required about 200 volts for a reasonable deflection), 
a voltage divider is required. To accurately reproduce 
the rising characteristics of the previously described 
impulses as well as the fiat part (which one might want 
to be as long as 100 m^sec.), we need a voltage divider 
with a uniform frequency response from 10 to over 
3000 mc/sec. The construction of a suitable divider has 
proved even more difficult than the production of the 
impulses. The following is a description of some of the 
voltage dividers that have been tried, together with 
their limitations. 

Capacity Divider 

A capacity divider was constructed whose small 
capacitance (ca. 0.01 p^f) was a straight wire probe 
inserted into the transmission line down which the 
voltage impulse was sent, and whose large capacitance 
(ca. 1 M/if) consisted of the deflection plates of the micro¬ 
oscillograph together with the short coaxial lead to the 
deflection plates (Fig. 7). The deflection plates with 
their coaxial lead had a natural resonance of 3800 
mc/sec. With the u.h.s. impulses described above, this 
resonance was excited to almost the full amplitude of 
the impulse voltage, making the observed voltage re¬ 
semble a pulsed, undamped, microwave oscillation. 
Partial damping ((^3) could be obtained with a 
graphite sleeve slipped over the center conductor of the 
coaxial lead. This resonance represents a fundamental 
limitation to this type of divider and could only be 
eliminated by redesigning the deflection chamber with 
the capacity divider built in. Therefore, this volt^e 
divider is limited to viewing impulses with rise times 
greater than 10/ir/o=0.8 mMsec. to keep the distortion 
less than ten percent. 

Lumped Resistor Divider 

A fairly good voltage divider can be constructed with 
small i^W) carbon resistors (e.g., Ohmite “Little 

current through the short gap when the long gap fires. By making 
the short np short enough, it can be made to fire while the long 
gap is still in the process of breaking down. This causes the dis¬ 
placement current to add onto the breakdown current, producing 
a single impulse. 

Second, the recovery time of the generator is very long. Nor¬ 
mally the time of the recharging circuit had to be as long as 0.1 
sec. to prevent multiple dischai:^, and under certain conditions 
even this time constant was insuffident to prevent them. For 
any applicaUon requiring a higher repetition rate than ten c.p.s. 
the recovery time of the generator would in some manner have 
to be decreased. 



m 


R. C. FLETCHER 



Fig. 6. High pressure 
nitrogen trigger gap with 
capacity sharpening (cross 
section). 


DevirO affaaged along the center of a coaxial line as 
indicated in Fig. 8. It was found necessary to have 
three resistors^in series on the high voltage side to 
prevent voltage breakdown of the resistors at 20 kv. 
When this divider was tested with lOAS) for the total 
resistance of the high voltage leg, it was found to pro¬ 
duce a voltage pulse resembling that across a capacity 
being charged through a resistance with a time con¬ 
stant about 6 m/isec. This can be understood with the 
aid of steady-state transmission theory. Thus, if 7?^ is 
the large resistance of length /, R» is the small resistance, 
i? is the characteristic resistance of the line, and v is 
the normal propagation velocity, the dividing ratio as 
function of frequency « is 


j 1 f Ri+jw{lR/v) 

Ml/iR) 




For w«(t'//)[(iJ/i?.)*] and Ri»R, R,, this expression 
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Fig. 7. Capacity di¬ 
vider consisting of trans¬ 
mission line probe and 
defection plate leads. 


reduces to 

m/R.){l+Mil/vR)R,)]-K 

This is the frequency response of the equivalent circuit 
shown in Fig. 9, which has a time constant of l{l/vR)Ri. 
Since l/vR is the capacity of the large tlesistance to 
ground, this can be interpreted as the Charging of the 
capacity of the middle of the large resistance by the 
front and back halves of the resistance. This equivalent 
circuit was checked experimeotally by reducing both Ri 
and iL by a factor of ten in order to reduce the time 
constant by a factor of ten and still keep the divider 
ratio. The shape of the observed impulse dianged corre¬ 
spondingly. However, as this resistor is reduced, it has 
to dissipate more heat at the same voltage, causing the 
resistor to increase in temperature during the pulse. 
This increase in temperature caused a decrease in 
resistance and consequently an increase in the observed 
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Fio. 8. Resistor di¬ 
vider using lumped 
carbon resistors. 
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voltage. For i(Ii=1000 0 and F<=»=10 kv, this caused 
the voltage to rise ten percent in 10 mpisec., indicating 
that one would probably not want to use any smaller 
resistance. Therefore, for this particular kind of re¬ 
sistor and circuit arrangement, one is limited to viewing 
pulses of rise time greater than 10(/iRj/6ii/2)=6 m/isec. 
to keep the distortion less than ten percent. 

Resistor-Cable Divider 

Since transmission lines act like resistances for a time 
equal to twice their electrical length, these would 
appear ideal for a voltage divider. It is difficult, how¬ 
ever, to design two transmission lines the ratio of 
characteristic impedances of which is the 100:1 re¬ 
quired for the voltage divider (see, however, the follow¬ 
ing section), because the characteristic impedance 
changes so slowly with the geometric dimensions. For 
instance, for a coaxial line it changes as the logarithm 
of the ratio of the outer conductor diameter to the 
inner conductor diameter. An alternative possibility to 
using two transmission lines is to use one transmission 
line in combination with a lumped resistor. This would 
seem particularly useful if the transmission line could 
be us^ for the high voltage leg (which had previously 
limited the lumped resistor divider). This requires a 
^-ohm lumjjed resistor of good characteristics as the 
low voltage leg. A thin, evaporated film of metal has 
been used successfully as a broad-band microwave 
attenuator.^ This was successful because its thickness 
was smaller than the skin depth at the microwave 
frequencies, making the resistance independent of fre¬ 
quency. It was thought that this technique could be 
succe^ully applied to making the }-ohm lumped re¬ 
sistor required here. 

The Microwave Research Institute, Polytechnic In¬ 
stitute of Brooklyn, kindly supplied us with two cylin¬ 
drical i-ohm resistors of size and material convenient 
for them to make (1 cm long, 1 cm diameter, of gold 
and platinum alloy). These were mounted in a coaxial 
line as shown in Fig. 10. The impulses observed with 
this arrangement had a sharp spike on the leading 
edge followed by a practically linear change in the 
voltage during the pulse, which was a decrease during 
the early part of the life of the resistor and an increase 
later in its life. In addition, the deflection did not 
correspond to the resistance measured initially with 
d.c., and had a tendency to change somewhat erratically 
from pulse to pulse, with a gradual decrease at first 
(down to a value corresponding to 0.2 ohm) and then 
an increase beyond the scale of the oscillograph (a re¬ 
sistance >3 ohm). This behavior was an indication 
that the resistors became overheated during the pulse. 
This overheating apparently , caused the resistance to 
dt<^ at first, presumably due to a rearrangement of 
the atoms. Later on, the resistance increased because 

4 Ptrfytechnic iMtitute of Brooklyn, ISHDRC Div. U, Reports 
ana 534 (194$. 


Fig» 9. £<jaivalent circuit 
for lumped resistor divider. R is 
the characteristic re^stance of 
the line, / the length of the 
resistor Rt, and v the signal 
propagation velocity in the 
line. 
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the coating evaporated, as could be verified by ob¬ 
serving that the transparency of the coating increased. 

One might expect to minimize this heating effect by 
increasing the length and thickness of the resistive 
coating in order to increase the heat capacity. This can 
be done without changing the resistance value by 
keeping the ratio of length to thickness a constant. 
However, the following analysis of the initial spike will 
show that increasing the length increases the size of 
this spike. 

The response of the circuit can be analyzed by steady- 
state transmission line theory. With the same nomen¬ 
clature as before the transmission coefficient through 
the resistor is 


I /r (VJi)+jm/.) y r 

VL Mi/v) J L 


joi{l/v) 


{]t,/R)+Ml/v) 


I) 


For R){v/I) and Rt<sCR, this reduces to 


This is the response of the equivalent circuit shown in 
Fig. 11. Since IR/v is the inductance of the length of 
transmission line occupied by the resistor, it is seen 
that this inductance is the limiting circuit parameter. 
The equivalent circuit divides this inductance in two, 
and indicates that the observed voltage F. is the voltage 
across the resistance R, and one-half the inductance 
IR/v. This was done on the assumption that half of the 
voltage drop due to the inductance is along the center 
conductor and half is along the outer conductor. 
With this and the previous assumptions the divider 
ratio as a function of frequency becomes {Rt/K) 
X[l-\-j()»{l/2v){R/R,)'\, with an inductive time con¬ 
stant of (J,/2v){R/R,). This inductance is thus the 
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Fto. 10. Remstor divider using % transmission line witli 
an evaporated metal resistor. 
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Fio. 11. Equivalent circuit for resistor cable divider, R is the 
characteristic re^stance of the line, / the length of the resistor 
and V rite propagation veJodty in the line. 
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Fig. 13. Voltage impulse observed with inductive 
connection of Fig. 12. 


source of the observed spike, and increasing the length 
of the resistance in order to decrease the heating effect 
would serve to increase the size of the inductance, and 
hence the size of the spike. This type of divider H 
therefore eminently unsatisfactory. Even if the resistive 
material were stable, a divider of these dimensions would 
be limited to rise times greater than lO{l/2v)(R/R») 
«25 m/isec. for less than ten percent distortion. 

It is possible, however, that a semiconductor of 
shorter lengths (ca. 0.1 mm) and higher resistivity 
(ca. 0.1 ohm-cm) might be stable for these high currents 
and still accurately reproduce the u.h.s. transients. 
Initial investigations into tliis possibility were made 
with reduced Ti02 ceramic resistors. A successful re¬ 
sistor could not be. constructed, however, because of 
the mechanical difficulties of working with this brittle 
material of such small dimensions. 

Transmission Line Divider 

With the failure of lumped resistors as both the high 
and low voltage leg of a resistance divider, it would 
appear that lumped resistors would have to be aban¬ 
doned if one expected to improve the response of the 
resistance divider. Transmission lines acting like ideal 
resistances for both legs offer a better possibility. The 
construction of two lines of a high enough ratio of 
characteristic resistances becomes simpler if one uses 
a high dielectric-constant material for the low im¬ 
pedance leg, because the characteristic resistance varies 
as !/(«)* and the electrical length as (e)*. A suitable 
material is the TiOg ceramic, which has a dielectric 
constant of 85 (for a commercially available sample) 
independent of frequency up to at least 30,000 mc/sec. 
Although this material has the disadvantage of being 
hard and brittle, making it impossible to machine 
except with a grinding wheel, its high constant with 
uniform frequency response is not approached by any 
other known material. 


In order to use this material in a voltage divider, the 
high voltage leg of which is a standard 50-ohm trans¬ 
mission line, it must be produced as a cylindrical tube 
the ratio of thickness to diameter of which is 0.0043, 
i.e., a thickness of 0.03 in. for a diameter of 0.7 in. (the 
diameter necessary for the Ti02 to slip over the RGl 7/U 
cable used in these experiments). Initial efforts to 
produce a tube as thin as this by firing a thin wall on 
a ceramic Alundum tube failed because of the difficulty 
of having an eleptrode between the Alundum and the 
titanium dioxide. Thus, if this electrode (platinum to 
withstand the high firing temperature) is made too 
thin, the resistance of the electrode increases after the 
firing because of the loss of electrode material by 
diffusion. If the thickness is made too large, the TiOa 
does not bond to the Alundum so that it cracks upon 
cooling. No intermediate thickness which would elimi¬ 
nate both difficulties was found. 

A second method to produce this thin-walled ceramic 
tubing is by extrusion. The American Lava Company 
managed to produce four tubes by this method whose 
average lengths were one foot and whose cross sections 
were less than 20 percent out-of-round. Silver electrodes 
were fired on the inside and the outside to form the 
coaxial transmission line. 

The voltage shape observed with this type of divider 
was found extremely sensitive to the physical arrange¬ 
ments. Thus, a first attempt to connect the Ti02 line 
through spring contacts is shown in Fig. 12. The 
voltage observed with this arrangement is shown in 
Fig. 13. The 500 mc/sec. oscillation is presumably due 
to a resonance between the inductance of the springs 
and the capacitance of the small section of line in front 
of the springs. A second (but less flexible) connection 
was achieved by pouring molten Woods metal into the 
gap between the outside of the Ti 02 and the circular 
brass connection (Fig, 14). (The gap is caused by the 
eccentricity of the Ti02 tube.) The voltage is picked 



Fio, 12. Inductive" ocmnection to TiOt line in a 
traiumiiidon line divider. 
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Fio. 14. Non*lnductive connection to TlOt tine in • truumiiiiOB 
tine divider with {dch'op et tiie jmetion. 
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Fio. 15, Voltage impulse observed with non-inductive 
connection of Fig. 14. 
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Fio. 16. Transmission line divider with pick-up 
one-fourth inch from junction. 

off onto another transmission line through a spring 
contact to the inside electrode. The high currents of 
the voltage divider do not have to flow through this 
spring contact so that its inductance is not critical. 
The much improved voltage pulse is shown in Fig. 15. 
Even this impulse has a spike on it with an apparent 
inductive time constant of 0.3 m/Asec. 

It was believed that this remaining spike was due to 
the excitation of the higher modes of the coaxial lines 
by the transition from a low dielectric-constant material 
to a higher dielectric-constant material. This meant 
that steady-state transmission line theory would not 
predict the spike. In order to verify this behef, a short 
section of i-ohm coaxial line was built of the same di¬ 
electric material as the SO-ohm line. Although this was 
not suitable for general use as a divider because of its 
short electrical length (1 m/Asec.), it was long enough 
to verify the non-existence of the spike, lending credence 


to the belief that the higher modes of the coax, which 
would only be excited by the high dielectric Ime, were 
the source of the spike. 

This was at first thought to be a fundamental limit^-* 
tion of this type of voltage divider. However, further 
consideration indicated that the excitation of these 
higher modes might not materially affect the trans¬ 
mission of the TEM mode. Since these higher modes 
are exponentially damped as they travel away from 
the transition, at a large enough distance down the 
coaxial line it is possible to pick up the TEM mode 
without picking up the higher modes. The mode with 
the lowest attenuation constant in the TiOa line which 
would be excited by this transition is the TMoi mode 
with an attenuation constant of ca. v/b, where b is 
the thickness of the Ti02. For the TiOa line used, this 
amounts to 36 db/cm. Thus one might expect, if the 
voltage were picked off a distance into the TiOi line 
of the order of 1 cm from the junction, that the dis¬ 
tortion due to the excitation of these higher modes 
might be considerably less. It was found possible to 
construct such a pick-off by grinding a hole in the 
TiOa with carborundum embedded in a piece of brass 
tubing, and arranging the pick-off as shown in Fig. 16. 
This produced a pulse with no evidence of a spike on 
it (e.g., see Section V, Fig. 19). 

Unfortunately, the rigorous solution of Maxwell^s 
equations for these boundary conditions requires the 
solution of infinite determinants making it difficult to 
get enough information to indicate a figure of merit to 
compare with the other voltage dividers described. As 
‘judged from tlie reasonableness of the impulse which 
the divider reproduces when a parameter such as the 
sharpening condenser is varied, there would probably 
be less than ten percent distortion for impulses which 
were considerably shorter than the 0.4 m^tsec. used here 


Fio. 17. Schematic diagram 
of u.h.s. sweep circuit. 
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Generally speaking, it is not necessary to have a 
weep speed any faster than to easily resolve the 
^rtest time in which the transient changes appreci- 
itbly. Thus, for viewing the previously described im¬ 
pulses, which had rise times of the order of 0.4 m/isec., 
a sweep speed with a full scale deflection in 10 m^yisec. 
was entirely adequate to indicate the presence of spikes, 
oscillations etc. and to rouglily determine the rise time. 
This sweep time is in a range which a vacuum tube can 
produce fairly well. 

A more difficult problem than producing fast enough^ 
sweeps is to synchronize the sweep with the transient. 
Thus one of the first sweep circuits tried was a three- 
electrode trigger gap discharging a condenser through 
a resistor. This was capable of producing very fast 
sweep speeds, but even under illumination of a quartz 
mercury arc it could not be synchronized within 10 
rajusec., so that many oscillograms were required before 
a single transient could be observed. A vacuum tube 
which is driven by the transient itself offers a chance 
for much more reproducible synchronization. 

A schematic diagram of a successful sweep circuit is 
shown in'Fig. 17. The sweep itself consists of a 3D21 
pentode discharging the stray capacity attached to its 
plate. The pentode is driven by a 2D21 gas-filled 
th 5 rratron, which drives the grid of the pentode positive 
enough to draw saturation current. The sweep speed is 
varied by changing the filament voltage of the 3D21. 
The sweep driver is necessary in order to isolate the 
sweep circuit from the impulse. This isolation is de¬ 
sirable to prevent the sweep speed changing with the 
shape and magnitude of the impulse and also to prevent 
the high frequencies contained in the impul^ from 
feeding directly into the sweep circuit and exciting its 
parasitic resonances. Care had to be taken in the 
selection of a thyratron to make sure that its inherent 
time lag was not too long. Thus a 3C45 hydrogen 
th)rratron (operating under the same conditions) was 
found to have a time lag of 130 mMsec. while the 2D21 
has a lag of only 51 mMsec. Therefore, the 3C45 would 




Fig. 19. Typical voltage oscillogram showing the arrival of 
voltage impulse at the leh and breakdown of spark gap at the 
right. (The small oscillation in front of the impulse occurs because 
the voltage is viewed as the reflection from the spark gap super* 
posed on the incident pulse; the oscillation is on the top of the 
incident pulse.) 

require the impulse to be sent down 52 additional feet 
of polyethylene qabie in order to get synchronization, 
greatly increasing the attenuation of the higher fre¬ 
quency components in the impulse. The whole circuit 
was completely shielded to prevent electrical pick-up 
from distorting the sweep. Synchronization was ob¬ 
tained by varying the length of cable leading to the 
sweep driver circuit. 

This circuit provided sweep speeds with full scale 
deflection (1000 v) in times from 3 mpsec. up to 1000 
mpsec., which were reproducibly synchronized with the 
high voltage impulse to within ±0.1 mpsec. 

V. TYPICAL U.H.S. CIRCXJIT 

The use of the above u.h.s. circuit components can 
be illustrated with a circuit designed to test the impulse 
breakdown of an atmospheric spark gap (Fig. 18). 

The process is started by turning on the beam of the 
microoscillograph for about one millisecond by means 
of a mechanical switch which dips quickly in and out 
of a pool of mercury. A probe is inserted into the beam 
path, so that when the beam is first turned on, a voltage 
is induced on the probe, which, when amplified, fires a 
thyratron ignition coil trigger generator. The output oi 
the ignition coil triggers an illuminating gap which 
serves as ultraviolet illumination for the spark gap being 
tested. The illuminating gap simultaneously b^ns 
building up a photon intensity in the q;>ark gap, sets 
off a magnetron timing wave, and triggers the u.h.s. 
impulse generator. When the impulse generator fires, 
a portion of the impulse is fed into the sweep driver 
while the main part proceeds down a 40-ft. transmission 
line (RG17/U) through the voltage divider to the 
spark gap. Current through the spark gap is observed 
by feeding the other side of the gap into the osdllo* 
graph through another transmissbn line. The cables 
from the voltage divider and the q>ark gap are so 
arranged that their signals arrive at the microaedllo* 
graph simultaneously. Synchronization these vrith 
the sweep was obtuned by varying the length nf 1^ 
to the sweep driver. , ■. i 
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It was found that the plate of the sweep pentode 
began to recharge during the millisecond in which the 
oscillograph beam is turned on. To prevent this a 
hydrogen thyratron discharge circuit had to be built 
which turned off the power supply voltages leading to 
the sweep pentode after the sweep tube had been dis¬ 
charged. This discharge circuit was triggered from the 
illuminating gap. 

In Fig. 19 there is reproduced a typical voltage 


oscillogram showing both the generated impulse and 
the breakdown of the spark gap. 
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A large double magnetic lens spectrometer has been con¬ 
structed for the study of gamma- and beta-ray spectra. The 
magnetic held is produced by two identical coaxial water-cooled 
coils, each 10.2 cm wide, 31.7 cm I.D., 73.7 cm O.D., and spaced 
95.6 cm apart The source is placed on the axis at the center of 
one coil and the detector is placed on the axis at the center of the 
other. The instrument is characterized by a large transmission 
with moderate resolution. Scattering is virtually absent because 
of the nature of the trajectories which are used, and because the 
large dimensions have made possible the removal of scattering 
material to a considerable distance from the source. The design 


has lent itself easily to the application of accelerating voltages at 
the detector admit.ting the detection of beta-rays down to 1 kilo¬ 
volt. The maximum energy conveniently studied with the present 
arrangement is 2.8 Mev. Beryllium-coated 2Uipon hlms of thick¬ 
ness 0.01 mg/cm’ have been used to mount sources. Charge does 
not accumulate on these sources. Observations with a Cs**’^ 
source 4 mm in diameter have shown a transmission of 1.4 percent 
with a resolution of 1 percent. The appearance of the internal 
conversion and Auger electron lines testifies to the absence of 
appreciable scattering. 


INTRODUCTION 

T he experimental study of beta- and gamma-ray 
spectra has, in many instances, been faulty be¬ 
cause of scattering in the instrument and in the source. 
It seemed worth while to construct an instrument in 
which the scattering errors due to both causes could be 
reduced. In the double lens spectrometer described 
here, instrumental scattering has been markedly re¬ 
duced by excluding scattering material over a fairly 
large region around the source, and by using a suffi¬ 
ciently complicated trajectory not easily followed by a 
series of chance scattering events. The spectrometer 
has a transmissbn which is large enough to allow the 
use of much thinner sources than is usually possible, 
thereby minimizing the effects of source scattering. 
The ratio, resolving power to transmission, in the 
present instrument, is more favorable than in moat of 
the spectrometers which have been described thus far. 

THEORY 


/Die operation of the spectrometer is baaed on the 
behavior of a thin magnetic lens whose magnetic field 

*7Us wQrii wu supported by a Joint Progntn of the ONR 
*^^iw^'lioe Aismoe Scientific Laboratory, Lot Alamot, 


has the form H=»Ho(l+s*/a*)~* along its axis. This 
behavior has been studied rather completely by Glaser' 
who has shown that the paraxial ray equation has an 
explicit solution in this case. In our instrument, it was 
found that the electron trajectories could be predicted 
remarkably well using Glaser’s results, even at a con¬ 
siderable distance from the axis. The design of the 
spectrometer was greatly simplified thereby. 

The field produced by our coils as measured along 
their axis is shown in Fig. 1. A satisfactory fit of the 
formula 

H-Ho(l+z*/aV (1) 

to these results was made with a= 19 cm, and is shown 
in Fig. 2. 

The radial distance r from the axis of particles with 
momentum p making not too large an angle with the 
axis is given by the usual paraxial ray equation, 

dV/dz‘-l-(«*/4A*«*)HV*0. (2) 

This is a form of the wave equation and for a fidd 
shape (1), the solution given by Glaser is 

r—A(l+z*/<i*)* sinj arctana/»+B}, (3) 

where h'^eE^flpc. The constants of integration A 

' W. GUmst. Zdti. f. Thyiik 117,2SS (1941). 
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Fto. 1. The magnetic 
field as measured along 
the aais of the coils. 


and B are determined by the boundary conditions 
which also determine the permissible values of the 
eigenvalue k. 

In our arrangement, the source is placed at the center 
of one coil and the detector at the center of the other. 
Ji the coils were far enough apart, only those electrons 
from the source which are bent by the first coil so that 
they move parallel to the axis at large distances from 
the coil could be brought back to the axis at the detec¬ 
tor by the second. The boundary condition imposed by 
this arrangement is that r remain finite for z very large. 
This requires that 5=0. The eigenvalues of the momen¬ 
tum parameter are then determined by the condition 
that f»0 at Z=0, and are given by 

n=l,2,3, .... (4) 

The lowest value, establishes the value of the 

momentum which will be focused for a given value Ht,. 
The values of A* obtained for «=2,3, • • • correspond to 
lower values of momentum which will also be focused 
for the same 5o. These electrons cro» the axis n—1 
times before emerging from the field of the coil and 
must be eliminate by suitable bafBes in order to 
make the instrument uniquely selective of a given 
value of momentum. 

The value of the constant A is determined by the 
value of r at which the electrons move at ijsrge z and 
may be fixed by an annular baffle. It should be noticed 
that the value of A does not affect the value of momen¬ 
tum which is focused. Hence, a large aperture may be 
used without other impairment of the resolution than 
that which arises from the departure from the paraxial 
condition and the size of the source. The large intensity 
obtainable with this arrangement is due to this fact. 

In our spectrometer, the coils are spaced 95.6 cm 
apart. The boundary condition r=finite at 8=oo has 
to be replaced by df/ds=0 at the mid-plane, 8=47.8 cm. 


In this case, we have fti*=3.24 (»=«>1), 18.27 

(»=2), etc. To eliminate the second and higher har¬ 
monics, we made use of the fact that the orbit rotates 
with increasing z according to the relation, 

k /•** 

-I Hdz. (5) 

HudJtx 

Thus, the orbit n—2 rotates 2.37 times as much as that 
for »= 1. We constructed a helical baffle placed in the 
center of the instrument which was designed to accept 
the orbit «=1, but not the n—2 or higher orbits. The 
use of a helical baffle in the center of the instrument 
frees the region around the source from scattering 
material. 

There are also a series of eigenvalues which satisfy 
the condition r=0 at 8=47.8, but these are eliminated 
by the presence of the solid core of the helical baffle. 

The constant of the instrument was checked using 
the K conversion line of Ba“^(629 Kev). The annulus 
at the detector was fixed to accept electrons entering 
the detector (and leaving the source) at a mean angle 
of 29®. This Ime was detected at a current of 34.0 
amperes corresponding to a value of **=2.95. This is 
somewhat smaller than the value calculated for paraxial 
trajectories because of the obliquity of the trajectory 
which was used. The calibration constant of the spec¬ 
trometer in terms of the current I in amperes in the 
coils is given by the relation, 

Hp« 100/ gauss-cm, (6) 

where H/> is the electron momentum in gauss-cm. 

The'trajectories in the spectrometer were checked by 
using the variable control shutter s)rstem and also by 
ray tracing near Ae detector using a series of annuli 
of varying diameter connected to a movable Geiger 
counter. Equation (3) with i^“2.9S was found to j^ve 
a quite accurate descr4>tion of these observatioiik. 
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ARRANGEMENT 

The magnetic field is produced by two identical 
coaxial coils placed 95,6 cm apart. The coils have an 
inside diameter of 31.7 cm, and an outside diameter of 
73.7 cm. Each coil consists of four pancakes connected 
in scries. Each pancake is wound of 167 turns of 
0.040-in.X1.0-in. copper strip. The pancakes are in¬ 
sulated from one another with 0.030-in. fabricated 
mica sheet, and the whole assembly is tightly clamped 
inside a Dural housing which has provision for water 
cooling. The cooling allows continuous operation at a 
current of 110 amperes, with a power dissipation of 10 
kilowatts. At this current, the magnetic field at the 
center of each coil is 1980 gauss. 

The coils are clamped to an iron shell, having a di¬ 
ameter of 73 cm with a wall thickness of I in. This shell 
forms a part of the vacuum system, and also serves the 
useful purpose of shielding the spectrometer from the 
vertical component of the earth’s field. The spectrom¬ 
eter is aligned in the direction of the horizontal com¬ 
ponent of the earth’s field. The iron shell was carefully 
machined to be a true cylinder with uniform walls, and 
all other iron was kept remote from the coils. The 
cylindrical symmetry of the magnetic field was verified 
by observing with a fluorescent screen the low’ energy 
electrons produced with an electron gun. When these 
were emitted from a point on the mechanical axis of 
the instrument, they always remained symmetrically 
distributed about this axis, even at the low^est values 
of the magnetic field. The iron shell was found to per¬ 
turb the axial magnetic field distribution in only a 
minor way. The proportionality of the field intensity 
to the current was found to be accurately maintained. 

In all the work carried out with the instrument thus 
far, the source has been placed at the center of one coil 
and the detector at the center of the other. Other loca¬ 
tions of the source and detector along the axis may be 
used to advantage. In particular, higher energies may 
be focused with improved dispersion, but with smaller 
transmission, if the distance between source and 
detector is increased. 

The source is introduced into the spectrometer 
through a vacuum lock. The detector, usually a Geiger 
counter, is permanently placed at the other end of the 
instrument, and is filled in situ. 

The aperture of the instrument may be controlled 
from the outside by means of two large adjustable iris 
diaphragms situated symmetrically between the coils at 
a separation of 39.1 cm. These are constructed of Dural 
after the fashion of those used in cameras. Each has 30 
leaves of ^-in. thickness, opens to a maximum diameter 
of 60 cm, and closes to a minimum diameter of 14.5 cm. 
The iris diaphragms are used in conjunction with fixed 
center disks having a diameter of 14,5 cm, thereby 
providing an annulus whose opening may be varied 
from aero to 22,7 cm. 

The center of the instrument contains a helical 


baf9e, the purpose of which is to eliminate second and 
higher order trajectories, and also to discriminate 
against either electrons or positrons, depending on the 
direction of the current in the coils. It is constructed on 
an aluminum-encased lead core 8 cm in diameter at^ 
39 cm long. There are 9 aluminum fins bent to give an 
angle of rotation of 36J°. The loss in transmission due 
to these fins is about 5 percent. 

The s{)ectrometer is pumped at the source end. A 
Kinney VSD mechanical pump is used for rapid evacua¬ 
tion from atmospheric to a few microns pressure* 
Operating vacuum of 3X10^ mm of Hg is maintained 
by means of a two-stage 4-in, oil diffusion pump backed 
by a small mechanical pump and using a liquid air 
trap. All vacuum joints are made with standard neo¬ 
prene gaskets or “0”-rings. The “0”-rings were found 
to be particularly convenient and satisfactory. High 
vacuum is required to prevent the occurrence of high 
voltage discharges within the instrument. 

The design of the spectrometer is shown in Fig. 3. 
Not shown are the aluminum castings in which the 
coils are mounted. These have bronze rollers which 
allow the movement of the coils over the top surface of 
a welded Dural table on which the whole is mounted. 
The easy assembly of the instrument is accomplished 
thereby. 

CURRENT SOURCE 

The current through the coils is supplied by means 
of two high-current ordinary portable welding gen¬ 
erators and is electronically stabilized. The circuit of 
the regulator was developed here by Mr. Leonard 
Reiffel. A reference voltage and a voltage from an 



Fio. 2. A fit of the field measured along the axis of the coils to the 
expression (l+<»7l9)*)“^ 
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Flo. 3. Double magnetic lens spectrometer showing geometry used. 


0.01-ohm Manganin resistance in series with the coil 
current are alternately fed into an a.c. amplifier by 
means of a Brown converter. The output of the am¬ 
plifier is fed into a demodulator and the resulting dx. 
voltage excites the field of an amplidyne, which in turn 
supplies the field of one of the welding generators. 
Using this system, the current can be held to within 
0.05 percent for currents from 5 to 100 amperes. Storage 
batteries are employed for currents under 5 amperes. 

DETECTOR 

For the study of low energy beta-ray spectra, a 
special accelerating section has been constructed. From 
an analysis of the trajectories, it was found that within 
a small distance from the center of the coil, the trajec¬ 
tories are radial in a plane rotating with the electrons 
and have as their common center the center of the coil. 
Consequently, an accelerating section was constructed 
in which the field lines were radial. This was done 
by establishing a potential difference between concen¬ 
tric hemispheres; the counter, maintained at some 
voltage being the inner hemisphere, and a grounded 
shell with an annular slit, the outer. The end of the 
coimter has No. 53 holes drilled radially in it between 
the angles of 20"^ and 40° such that it has a transmission 
of about 55 percent. A thi?i Nylon foil* is plaxed on top 
of this grid and then covered with an identical metal 
grid. At first it was thought that relatively thick foils 
could be used and enough accelerating voltage em- 
pbyed to compensate for their thickness. However, as 
was reported by Danger,® at high voltages spxirious 
counts occurred which have no connection with the 
source. Plating the outer dectrode with platinum and 

• Brown, Ffclber, Richards, and Sajcon, Rev. Sd. Inst. 19, 818 

«L. Lauger and C. S. Cook, Rev. Sd. Inst 19,257 (1948). 


mirror-finishing had no effect on the value of the thres¬ 
hold at which these counts occurred. The spurious 
pulses could not be distinguished from the regular beta- 
ray pulses. As a compromise, a window approximately 
9 kv thick was placed on the counter. With an acederat- 
ing voltage of 8 kv, one can measure down to 1 kv and 
can correct for window ab^rption quite accurately 
down to 10 kv. Figure 4 shows a typical result of the 
low end of a beta-spectrum with and without the ac¬ 
celerating voltage. This system has the advantage that 
the effect of the window can be measured and at the 
same time, the window is thick enough so that the 
counter can be used indefinitely and there is no neces¬ 
sity of changmg counters and noiimalizing the data. 
Because of the thinness of the window, the counter is 
filled in situ to a total pressure of approximately 8 cm 
with a mixture of neon and amyl acetate. The counter 
is insulated from the rest of the machine by means of a 
polystyrene disk, through which the counter passes by 
means of an ‘‘0*-ring seal. The counter is connected to 
the glass filling system by means of Saran tubing and 



Fio. 4. Low energy eid of ^ spectrum iUammtiUg 
icSon of acederator, 
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Typical data 
showing from Cs'” 
and Auger and internal 
conversion electrons 
from Ba'*’. 



Standard flare fittings—providing insulation and flexi¬ 
bility. 

SOURCES 

Sources to be investigated in the instrument are 
usually mounted on thin Zapon^ or LC600* films. At 
first, thiitoils were coated with a layer of Be by evapora¬ 
tion and theh the source was placed on the side opposite 
to that having the Be. The resistance from the center 
of the foils on the side opposite to that on which the Be 
was evaporated to the foil edge was less than 800 
megohms, and the resistance on the Be side was of the 
same order of magnitude. The Be seems to lodge inside 
the film. However, in some cases, when a source in a 
weak acid solution was applied to such a foil, the acid 
appeared to dissolve the Be just in the neighborhood of 
the source. Consequently, even though the source, 
which was approximately 4 mm in diameter, was sur¬ 
rounded by a conducting medium, it was found to 
charge up 2 to 3 kv. In these cases, the effect was over¬ 
come by preparing the sources on a plain film of Zapon 
or XX^fiOO weighing about 0.01 mg/cm* and then, after 
the source was dry, covering it with a foil coated with 
Be. The covering foil with its Be weighed less than 
0.01 mg/cm*. Tbe foils on which the sources are mounted 
are 2 in. in diameter sad are mounted on a hard rubber 
stand consbting of a ring ^ in.X^ in. supported by 
three ^b. square Iqgs 4 b. long. Such a frame is 
made by millbg the sides from a single piece of 2-in. 
diameter, ^-b. wall bard rubber tubing. The hard 
rubber frame is made conducting by pabting it with 
Aquadag. The sources are made to spread uniformly 
bjr first applying a very dilute drop of bsulb over the 

*|oluiBadn», Rhys. Rev. <8, S» (1943). 

Syathetic Resin, Utligow Corporation, Chicago, 


desired area. Because of the large transmissbn of the 
instrument, it is possible to use sources weighbg less 
than 0.05 mg/cm* for most substances. 

The transmission and resolution of the instrument 
were checked using the internal conversion line of Ba**''. 
A thin source of Cs‘” was measured b a known geom¬ 
etry. The absence of scatterbg was checked by verifybg 
the 1/r* law. Corrections were applied for wbdow 
thickness and for the presence of the Ba*” gamma-ray. 
The number of electrons emitted from the source due to 
the conversion line of Ba“^ was obtained from the fact 
that this line is 13 percent converted. Observation of 
the counting rate of the conversion electrons from this 
source in the spectrometer led to the result that the 
transmission of the instrument was 1.4 percent. Tbe 
source used had a diameter of 4 mm and the half-width 
of the line at half-maximum was 1.1 percent. With a 
source one bch b diameter, the resolution was 9 per¬ 
cent obtabed with a transmission of 11 percent. Hie 
btter measurement was made with a counter having a 
wbdow the same size as the source and the baffles 
almost wide open. Figure 5 is a typical example of the 
type of data (fljtabed using the accelerator section. 
This is a spectrum of Cs*”, and the resultbg internal 
conversion Ibes of Ba‘”. The appearance of Auger elec¬ 
trons from the Ba*” at the low end of the spectrum is 
particularly noteworthy and testifies to the small 
amount of scatterbg achieved b this instrument. 
Other spectra have been studied and will be reported b 
The Physical Review. 
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A small scale differential analyser is described which uses ball carriage integrators instead of the usual 
Kelvin disk integrators, and selsyn angle transmission instead of mechanical coupling of the rotating parts. 
The machine is inexpensive, easily constructed and is moderately accurate. 


I. INTRODUCTION 

HE practical value of a small scale differential 
analyzer was discovered by D. R. Hartree and A." 
Porter^ when a model originally intended to be an aid 
in the design of a larger machine was assembled and 
tested. It worked so well that it was kept in operation. 
Since that time, several other model analyzers have 
been built following essentially the design of the earlier 
larger machines.^* The construction of all these small 


scale machines has been light and subject to vibration 
but worked well as long as no more than four or five 
integrators were coupled together. Their over-all ac¬ 
curacy has been stated to be around 2 percent. 

The machine built in this laboratory differs from 
those previously built mainly in two ways: (a) the 
integrators are of the ball carriage type instead of the 
Kelvin disk type; (b) electrical transmission by means 
of selsyns replaces mechanical coupling of rotating 




Fzo. 1. Photograph of the differeatkl stuUyxer. The bdependeut variable shaft shown in Fig. 2 
is below the table. The meter scale indicates r^tive dimensions. 


♦ Assisted by Joint Program of the ONR and the AEC. 

^D. R. Hartree and A. Porter, Mem. Proc. Man. lit Phil Soc. 79, 5 (1935). 
t Fox a more general discussion of differential analysers see reference 4. 

^Massey. Wylie, Buckingham, and Sullivam Proc. Roy. Xri^ Acad. 45, 1 (193S). 
*Le^^.Jones, Wilkes, and Bratt, PhiirSoc. Proc. X, ^(1939). 


W Bueh and S. H. Caldwell, J. Franklin Inst 2^, 255 (1945). 
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Fio. 2. Schematic diagram 
of the differential analyzer. 
The gear train used to position 
the boil carriage is here shown 
as a screw and a half-nut. 
Broken lines represent selsyn 
signal wires. 



parts which is often accomplished by means of shafts. 
Advantages of the ball carriage type integrators are: 
(1) a good output torque which makes it possible to do 
without torque amplification, (2) a convenient way of 
adjusting the ratio of rotations of roller and disk; only 
the ball carriage has to be moved and the integrator 
table assembly remains fixed. Selsyn transmission has 
the following convenient features: (1) economy in pre¬ 
cise shop work, (2) ease in changing connections be¬ 
tween rotating parts. The latter feature is a time saver 
when the machine is being coupled for a new problem. 

The mam object of the present note is to call atten¬ 
tion to the relative ease of construction of a differential 
analyzer of small or moderate accuracy which is being 
madft possible by the availability of war surplus equip¬ 
ment in the form of ball carriage t)q)e mechanical 
integrators, servo mechanisms and other parts. 

n. CONSTRUCTION 

The machine contains three ball integrators, three 
function units and an adder unit. The term ‘‘function 
unit” is used here to denote a device capable of carrying 
an input function which can be coupled to other parts of 
the machine. It is also used to describe a device capable 
of recording an output function. 

The function units were provided by a slight re¬ 
modeling of two discarded kimographs and by the addi¬ 
tion of a drum to a ruling engine. The adder upit is a 
dijferential geared to two selsyns. This unit is so ar¬ 
ranged that when the adder is not used, one selsyn is 
diaamnected and the differential then serves as an 


ordinary gear. This design feature makes it possible to 
permanently attach an adder to the output of an inte¬ 
grator and thus simplify the change-over for different 
equations. 

A photograph and a plan of the machine are shown in 
Fig. 1 and Fig. 2 resp)ectively. The connections are 
shown for the differential equation: 

(<Py/d**)—(dy/da:)-f-g(x)y=0. 

Inspection of Fig. 2 shows that this equation requires 
the first integrator to drive the integrator table of the 
second. This means that sufficient torque must be 
available in the first integrator to drive the second 
integrator, five sels}ms, and an adder unit. No slipping of 
parts was observed in ordinary operation. Inspection of 
Fig. 2 will show that the selsjms most likely to introduce 
errors are those which set the linear displacement of an 
integrator. Selsyns when used in the above manner, 
may introduce several degrees error. This effect has 
been eliminated by introducing an accurate gear reduc¬ 
tion of 2500 to 1 between the selsyn and the integrator. 

m. PBRFORHANCB 

Tlie over-all backlash was tested by setting the ma¬ 
chine to generate sine functions and noting the in¬ 
crease in amplitude per cycle. Sine functions were 
generated by making g(x)=-constant on the input func¬ 
tion and disconnecting selsyn labeled y on Ae adder 
unit shown in Fig. 2. The increase in amplitude per 
ryde is about 0.2 percent which is only about 1/10 that 
iq>orted for other small machines* and compares favor- 
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ably with that of some more elaborate machines/ This 
arror has been found to be due to the backlash of the 
integrator itself. To reduce this error it wdhld be neces¬ 
sary to improve the integrator or else to provide a cor¬ 
rection for backlash. No attempt was made to do either. 

In order to investigate the performance when the in¬ 
put function was not constant it was found necessary 
to take considerable care in plotting the function g(x). 
If this is done and g{x) is large over most of the range 
of integration so that the first integrator is kept at a 
reasonably large displacement, the errors are about the 
same as those for sine functions. When no precautions 
are taken the error seldom exceeds 1 percent. 

IV. CONCLUSIONS 

The machine has proved satisfactory and convenient 
for the solution of problems with a nominal accuracy of 
one percent as described in the preceding section. Bali 

* See for example H. P. Kuehni and H. A. Peterson, Elec. Eng. 
63, 221 (1944). 


carriage type mechanical integrators do not require 
torque amplification when used with precautions de¬ 
scribed. Electric or “synchro'*) angle trans¬ 

mission has proved reliable and convenient as a means 
of coupling functional units in the computing device. 
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A slide rule has been developed to facilitate rapid calculations based on the Planck radiation formula. 
Quantities such as the radiant flux density in a given wave-length region, the spectral radiant flux density 
at a given wave-length, or the corresponding quantities expressed in photon units, can be obtained readily 
for a black body over a range 2X lO* to xr.>4X 10* micron degrees witii an accuracy of about 1 percent. 
Simple extension rules can be used for larger values of X7. 


L INTRODUCTION 

I N the course of certain radiation calculations it was 
found that the available tables based on the Planck 
radiation formula were neither sufficiently compre¬ 
hensive nor convenient for frequent reference. The 
need was felt for a device that would facilitate rapid 
calculations without involving too great a sacrifice in 
accuracy. Accordingly it was deckled to develop a 
nomogram, based on the Wien displacement law, 
capable of giving rapidly approximate values for the 
radiation quantities most frequently encoimtered. 
Typical of such quantities is the radiation per unit area 
emitted by a black body at a given temperature in a 
given wave-length interval. The general features of 
the nomogram are shown in Figs. 1 and 2. 

As the work proceeded the advantages of a slide rule 
arrangement became apparent, and it was decided to 
extend the computations already carried out with a 
view to ffie development of a ndiation slide rule. This 
paper gives a description of the slide rule. «nd the 


methods used in the associated calculations. The final 
form of the rule, the general arrangement of which can 
be seen in Fig. 3, includes the scales required for calcu¬ 
lations involving spectral radiant flux density and 
radiant flux density, together with the corresponding 
quantities in photon units. The over-all dimensbns are 
19i in.XSi in. The stock carries the scales of maximum 
spectral radiant flux density, Nxmax.,* total radiant 
flux density, H, maximum spectral photon flux density, 
Qxmax., total photon flux density, Q, temperature 
(centigrade and absolute), and wave-length. One ^e 
of the slide carries the scales required for calculations 
involving the first two of the atove quantities, while 
the scales necessary for photon calculations are on the 


*Tlie symbols used throu^iout this paper have the usual 
significance. The subscripta X, AX. ••, and Ar, refer to wave-lcnith, 
wave-length faiterval, wave number, and wave number iaterw 
reapectivdy. The ^bol em is used to denote unit of 
referring to the sutfsce of a black body. Tlie valaet of the «oti> 
stants used foUow Bilge (et«'2)rih^«>3.7403XU^* watt 
6i'«2M-t8USSX10» cm eec.^; 



SLIDE RULE FOR RADIATION CALCULATIONS 


reverse of the slide. The back of the stock carries brief 
definitions and instructions, together with the scales 
relating wave-length, wave number, and electron volts. 

a THE PLANCK RADUTION FORMULA 

If we consider unit area of a black body at tempera¬ 
ture T and choose some wave-length X, then the radi¬ 
ated energy for a wave-length interval 1 cmAx,^* which 
we shall call the spectral radiant flux density, is given 
by the Planck radiation formula as 

CiX~® 

-watt cmAx“^ 

The corresponding expression for wave number 
interval 1 cmAr^ is 


watt cnf^^ (cmA».“"0“*« 

^eivfT — I 


For a wave-length interval dk the energy radiated is 
Bxik, and for a wave-length interval between Xi and 
X*(Xi<X2) 

J «Xs 

i?xdX« I ffxdX- I Hxdk 

Xi •'n 


« f HxdX- f 


H\d\ watt cnr 


For a given temperature 1\ the wave-length Xm for 
which fix is a maximum, is obtained from di?x/dX*0, 
which gives, of course, one case of Wien^s displacement 
law, 

X,n=0.28972/r cmx. 

By substitution 

£fxmax.=<= 1.2875X1U”“T* watt cmAx”^ 



Fig. 1. Radiation nomogram—spectral curves. 


^ It is not 


able to attach phyucal dgidficance to the use of these wave-length and wave number intervals. The spectral 
XI a dngle point on a sadiatlon curve and in all calculadons invoLving a real wave-length interval the cenUmeter 


liSiir^ 
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m 



Since the energy associated with one photon is hc/\, 
the corresponding formula for 8p>ectral photon flux 
density is 

-photon sec.“‘ cnr^ cm 4 x“*- 

gcal\T^ 1 

The remaining formulas may be obtained in terms of 
photons: 

CiV 

Q,’" -photon sec.~‘ cnr* (cm4r0~*» 

gnrlT^ I 


K'=0.3m95/T cmx, 

Qx max. = 2.1027X10“2^ photon sec.~* cm“* cmAx“', 

<2=Oo-«=1.5213X10»r* 

=(r'r* photon see."* cm~*. 

If the radiating body obeys Lambert’s law, quantities 
associated with the radiation in unit solid angle normal 
to the radiating surface may be obtained by dividing 
the above formulas by r. To avoid multiplicity of 
scales such quantities have not been included on the 
rule. 

For shorter ot longer wave-lengths the sinqde Wien 
or Rayleigh-Jeans fonnulas may be aiqidied. These am 
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approximations only, and it is necessary to have a 
method of determining the error introduced by their 
use. This error will, in general, be dependent on the 
range of XT involved, and a method of estimating it 
will be described later. 


m. GENERAL METHOD AND TRANSFORMATIONS 
USED IN CALCULATIONS 

Introducing the new variable x^c^/XT, and putting 
X=(e*—1)“‘, the various formulas given in the pre¬ 
ceding section may be written, 

m=‘c,iT/c,yx^x, (1) 

= ( 2 ) 

//Xi_Xs=Ci ex -j^Xdx 


(~) J -y^Xdx- J -x^Xdx , {X) 


(?x = Ci'(r/o)VX, ^ (4) 

g,=c/(r/ci.)VX = XX?x, (5) 

ex — x^Xdx 




On dividing each of the Eqs. (l)-(6) by 2’ to the power 
appearing in the right-hand term, one obtains expres¬ 
sions of the form 

2i7-"=/,(ci, c, c,')/W 

of which w takes the values 2, 3, 4, 5, and B is in order 
H\, U,, etc. /i is a function of the physical quantities 
only, and/(*), treated as a function of the dimensionless 
variable x, is a purely mathematical expression which 
is specific for each quantity and independent of the 
chosen values of the physical constants. 

From the general expression it can be seen that 
(a) Since each expression of the form JBT^" is dependent 
only on some function of x’^Ct/XT, it is possible to 
find for one particular value of a set of pairs of 
Xand Tsuch thatXiri-XjT'jS'Xjrj* • • • •»Xnr«=c>/*. 
This is the general form of the Wien displacement law. 
If we take any maximum value of spectral quantity 
BmT~* we get X»r*Ca/iS“ const., the form in which 
Wien’s law is usually expressed, (b) In order to obtain 
the value of B for given values of X and T, it is necessary 
to calculate x<^Ct/XT and BT~’' from the product of 
Jiifiif Ct, Cl) and fix) when finally 

In the ^e rule fractional values of the quantities 
axe introduced. These are, for spectral quantities—the 
ratio of the given quantity to the corresponding maxi- 



Fig. 3* Front of stock and energy side of slide. Only the ends and a central portion of the slide rule are shown. Scale i and / together with 

the corresponding longer wave-length figui^ on scale e are colored red. 
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Tabxa I. Values assocdated with the ma^a. 


B 


' OX 


Oi* 

n 

5 

4 

3 

2 

0 

4.965114 

3.920690 

2.821439 

1.593624 

XoiCsymbol) 

\m 

Xoi' 



>wr-c*//5 

0.28972 

0.36689 

0.50984 

0.90265 

(cm deg. A) 

Max. of 1) 

«4-21.2013 

C4'-4.77984 

c/'-1.42144 

C4'"-0,64761 

Bmax. 

1.2875X10-‘>7'‘ 

2.1027Xl0^^r< 

1.7862X10’«r* 

5.8950Xl0‘*r» 

Units of Bmax. 

watt cw~* cn>AX“‘ 

photon 8ec.“‘ cm“* cmAX”* 

watt cnT* (cmAv"0“* 

photon scc.“* cm~* (cmAv“*)"^ 


mum value, and for integration quantities—the ratio 
of the given quantity to the total value. 

1. Spectral formulas 

A general formula for iTx, Q\y and Qp inay be 
written 

a, ci')r"xV(e*-l) »“2, 3,4, 5. 

The physical limits of * are zero and infinity; B is 
always positive and when x tends to either of these 
limits, B tends to zero. Hence there exists a value 
for which 5 is a maximum. This value is given by 
dB/dx=0 or 

e-»+P/n-l==Q. 

Knowing /3 we can find 

KT’=Ci/p (7) 

where X« is the wave-length corresponding to the 

maximum value of B at temperature T; the maximum 
value of B 

Hxmax.«(ci/c*‘)c4r‘ (8) 

and 

Q>jnax.’^ici/ci*)CiT*, (9) 

where Ci, c/, etc., represent the maximum values of 

*■/(«*“" 1); the ratios 

Hx/Hxmax. * l/f« ■ *•/ (e*- 1), (10) 

Qx/0xniax.-=l/c4'-*‘/(«*~l), (11) 

H,/ Hfinax. =• i/c" • *•/ («•— 1) 
and 

Q,/ 0 ,maJt.=I/C 4 '" •**/(«•-1). 

In the slide rule only the first two ratios ai;e used since 
£!,■= (J7x/^xmax,)XHxmax.XX*, 

and a similar expression holds for Q,. The graphs of 
the four fractions are given in Fig. 1 while the values 
associated with the maxima are listed in Table I. 


2. Integration foimulftB 

Formula (3) may be integrated by parts to give 

Cl • 1 

-r* 2—C(«*)*+3(»*)*-i-6»*+<ST«r«* 
Cl* — 


from which we obtain 

He-),— —r* 22 —|2(n*)*-|-3(»**)*-Ki»*-t-6]<"'“, 

a* m-i n* 

(c,/c,*)r‘X6X(l-*+2-^+3-‘-|- • •), 

and since 


(ci/c2*)r‘(r</15)*«rr‘ 

-5.67283Xia-«r* watt cm-*. (12) 

The latter is the expression for the total power radiated 
per unit area of a black body at temperature T. 

Further we have 

Ho-x 15 « 1 

-=» — 22 —Zinxy+S(nxy+6nx+6']e~’". (13) 

H T* «-i n* 

For larger values of X, and in such cases it is 

better to use 

H>^=H-Ho-k and Hx-«/H-l-H>_x/H. (13a) 
Similarly in terms of photons 
Cl' - 1 

Qo-x=—P E --[(»*)*+2«*+22)<r~ 

C 2 * < 1-1 n* 

^ ^ Cl' ,r* 

e-Co-*—PX2X- 

Cl* 25.79436-•• 

“ cr'T*» 1.5213X 10”P photon sec.~* cmr*, (14) 
0(x-x 12.89718-•• • 1 

-- -2 ^(^)i^2nx+2y-'^, (15) 

and 

Qo-i^/Q-I-Qk^/Q. (ISa) 

The generalised curves for the four fotcdona over a 
raDge^XrareinciadedinFig. 2. ^ ^ 
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XV. THB SCALES OF THE SLIDE RULE 

The general arrangement of the scales of the slide 
rule may be seen in Fig. 3. For convenience the scales 
are lettered from a to j and these letters will be used 
in referring to the various scales. 

1. Stock 

Taking as a basis the value of F, the equations 
listed below are obtained by taking logarithms of both 
sides of (7), ( 8 ), (12), (9), and (14); 

logX«=- logF, 
logHxmax. = \og(ciCi /+5 logF, 
logff"log<r+4 logF, 
log 0 xmax.==log(ciVA 2^)+4 logF, 
log(?-log<r'+3 logF. 

If T is plotted as a logarithmic scale (d) with modulus 
mr, the remaining scales are also logarithmic with 
moduli given by the second terms on the right-hand 
side of the equation: 

wx“= —Mr (inverse scale e), 

(scale ft), fftH—lniT (scale a), 
woxR*»*=iwr (scale g), Jmr (scale /). 

The constants in the various equations define the 
positions of the corresponding scales of the stock rela¬ 
tive to the temperature scale. These constants are of 
two types, firstly those of purely mathematical con¬ 
ception and so invariant (e.g., C 4 , Ci)^ and secondly 

those derived from physical constants (ci, C 2 , c/) which 
will depend on the values taken for c, A, and k. The 
latter define the relative ix)sitions of the scales on the 
stock, the former those on the slide. The values of the 
constants used have already been listed. The procedure 
necessary for the use of the slide rule with changed 
values of the constants will be given later. 

Since in practical problems temperatures are usually 
expressed in degrees centigrade, the appropriate scale 
has been included (c). It has been assumed that 
OT«273.18^K. 

In the construction of the slide rule, a modulus for 
the temperature scale has been chosen wr- 20 cm, and 
about two decades taken covering directly the range 
100®K to 10 , 000 ®K (-ISO'^C to about 10 , 000 T). The 
same scale of wave-length is used to cover the two 
ranges, 0.3 to 30 microns (black figures) and 30 to 
3000 microns (3 mm) (red figures). 

All the scales on the stock, with the exception of 
scale e, are purely logarithmic, differing only by the 
moduli. 

2. Slide 

The slide is double-sided, one side (energy) for use 
in the Hx» and H 9 calculations, the other 

(photon) for Q\, and Q,. Since the two sides 

iiimlar, dil^ing only quantitatively, only one will 


As the slide scales are obtained from the fractions 
(13), (13a), (15), and (ISa) in which the physical 
constants are eliminated, the scales themselves are 
independent of the values chosen for these constants. 
The scales are also independent of the stock except in 
so far as the moduli arc determined by wy. The two 
upper scales (h and i) are those of the fraction 
Hx/ffxmax. for the two-wave-length ranges. For «»*/?, 
Hx/Hxmsix. =* 1 and at this point lines marked “.Hxmax,” 
and 'Temperature^^ have been added to the slide. If 
the slide is moved so that the latter line is opposite a 
given temperature, then the former line is opposite the 
corresponding value of Xm on scale e. Scale h or i gives 
the values of Jffx/ffxmax. corresponding to any other 
value of X. Three lines have b^n added to scale h 
giving also the wave-lengths corresponding to the 
maximum values of iJr, and Q,. 

If scale e is extended to longer wave-lengths by two 
decades, the corresponding values of scale h go down 
to 10“*^ The extended wave-length scale may be dis¬ 
placed to coincide with the original scale with values 
of X 100 times larger, as given by the red figures. The 
appropriately displaced scale of J7x/-ffxmax., f, is also 
colored red. The fact that, in the direction of longer 
wave-lengths, scale i approximates to a logarithmic 
scale of modulus if»r=Jmx, permits the extension of 
the rule in this direction. 

In the same way scale m (black) covers the fraction 
(13) for the shorter wave-length range, and 
scale I (red) the fraction Hx^lH (13a) for the longer 
range. Scale I approximates to a logarithmic scale of 
modulus ^mr- 

On the photon side of the slide are the corresponding 
scales, n and 0 , of ^^max. ( 11 ) together with the 
scales, s and r, of Qo-x/Q (15) and Qx-*/Q (15a) re¬ 
spectively. Scales 0 and r approximate to logarithmic 
scales of moduli iwr and respectively. The five 
lines mentioned above are, of course, repeated on the 
photon side of the slide. 

In deriving the positions of the scale lines, involved 
fractions were calculated for roimd values of argument 
jf,and then, with the aid of Interpolation Tables (HMSO, 
1936), were inversely interpolated for round values of 
fractions using Bessel’s interpolation formula including 
fourth and sometimes sixth differences. All calculations 
were made with two Brunsviga calculating machines 
by the method of balancing approximation. 

For convenience in certain calculations, two loga¬ 
rithmic scales are included on each side of the slide, 
j and k on the energy side with moduli Jwr and 
and p and q on the photon side with moduli Jmr, 
and Jwy. 

3* Back of stock 

Scales relating wave-length, wave number, and 
electron volts are included on the bade of the stock. 
For convenience in reading from these scales without 
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Table II. Accuracy of calculations using slide rule. 



lx>ng 

wave. 

lengths 

Vicinity of 
maximum 
spectral value 

Shoft wave-lengths 
Values of fractions 
^10“» 

Hx/Bxxnnx. 

1.5% 

1.25% 

~0.5% 

1.25% 


Hk^/H or H^/H 

3.0% 5.0% 

OtJOKTcax. 

1.25% 

~0.5% 


or Qo-a/0 

1.0% 

1.0% 



the tise of the cursor, the wave number scale is given 
twice. 


V. USE OF THE SLIDE RULE 

In following the description of the use of the slide 
rule reference may be made to Fig. 3. The values given 
in brackets below refer to the actual settings of the 
scales in the figure. A straight edge should be used in 
place of a cursor. 

(a) If the cursor line is set on a given value of 
temperature on scale c or d (say 727°C or lOOO^K), 
then the following data may be read directly from the 
cursor line: 

Scale 3 —wave-length (2.9 microns) corresponding to the 

maximum spectral radiant flux density, ^xmax.; 

Scale a —total radiant flux density, ff (5.7 watt 
Scale h —maximum spectral radiant flux density, ZTxmax, (1.3 
X10* watt cm“* cmAX"**); 

Scale /—total photon flux density, Q (1.52 photon secr^ cm ~*); 
Scale g —maximum spectral photon flux density, Oxmax, (2.08 
X10" photon aec.“^ cnT^ cmAX”^)- 

(b) If the line marked “Temperature” is brought 
into coincidence with a given temperature (KXXl^K), 
and the cursor line placed against a given wave-length 
(say 1 micron or 100 microns), the values of the follow¬ 
ing fractions may be read directly from the cursor line: 

For X « 0.3—30 microns; 

Scale A—i7x/iyxmax.(1.6X 10"*); Scale m-i3,^x/^(3.3X 10^); 
Scale n—^/(>xmax.; Scale s—Qt^/Q ; 

For X*“30—3000 microns: 

Scale i-J5rx/i5rxmax.(1.9X10‘-»); Scale f-^x^/i7(1.45X10-*); 
Scale n—Cx/Oxmax.; Scale 

Further quantities may then be estimated using, if 
desired, the appropriate multiplicatipn scales: 

ffx- (£rx/£rxniax.)X£rxmax.(2.08X 10* watt cm^ cipAX"'^, 
j^f,»«(Hx/firxinax.)Xl7xmax.XX,**Xl0"*(2.08XlO”* watt cm"* 

(enurO**), 

-x,« C(Ho--Xi/H) - (Ho-Xj/IT) ]X C(Hxi - •/ff) 

Ox «(Qx/Oxmax. )X Oxmax. 

(0x/0xmax.)X®^max.XX„*X 10"», 

Oxi-x,-C(Qo.-Xi/0)-((?o-x,/Q)]XO«C(OM“-/0) 

-((?X,-«/Q)]X0. 

In the formulas with square brackets only positive 
values of differences are taken. Both values of the 
fractiems inside the bracket must be read from the same 
scale, or, if this is not possible since one wavedength is 


within the black range and the other within the red, 
then one of the fractions must be subtracted from unity. 

The multiplication scales are so arranged that it is 
unnecessary to move the slide, when set at a given 
temperature, in order to carry out the operation of 
multiplication. Care must be taken, however, to use 
the correct multiplication scale for a given operation, 
as marked on the slide. When calculations of Hxi-X 2 or 
Qm-M are being carried out for a narrow wave-length 
interval, the accuracy falls with decreasing interval, 
but may be increased by calculating the spectral values 
of £fx, Hpf Q\y or Qp for the middle point of the interval, 
and, assuming the spectral quantity to be constant 
over the interval, multiplying the quantity by the 
width of the interval. 

VI. EXTENSION RULES AND CHANGE 
OF CONSTANTS 

1. Temperature 

The slide rule may be used for calculations involving 
temperatures outside the range lOO^K to 10,(XX)®K by 
a simple extension process. The temperature T is 
expre^ed in degrees absolute as r,=rxi0", where n 
is a convenient integer such that T* is within the 
compass of scale d. The corresponding wave-length 
Xf==XX10“". By the processes already described, the 
values of the various quantities Bm are found for 
temperature T, and wave-length X„ and the values 
appropriate to the original temperature obtained from 
the following formulas (the corresponding factors are 
given on the back of the rule): 

ffx= (ffx).Xia"*", 0x“ ((2x),X10“^", 

(F,).x m.x 10-^", 

Hh-m- (Fxi-X2),X 10^", (G^1“X2),X 10^". 

A similar process may be applied to problems in which, 
although T is inside the normal range, the calculations 
move outside the limits of the slide. 

2* Long wave-lengths 

Since the red scales covering the longer wave-length 
range to 3(XX) microns (i, /, o, r) approximate to loga¬ 
rithmic, the slide rule may be extended to longer 
wave-lengths. The wave-length is replaced by a wave¬ 
length Xa, such that X*»XX10"**, where n is the smallest 
possible positive integer that will bring X, inside the 
normal red wave-length range of the rule. The corre¬ 
sponding quantities B, may be calculated and trans¬ 
posed to the values for the original wave-length using 
the formulas given for the extension of the temperature 
scales. 

3. Change of constants 

From formulas (1) to (6) it can be seen that: 

(a) the constant ct appears only in the ratio T/ctt 

(b) the quantities related to energy and photons are propor- 
tionsd to and s/, respectively. 
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Thus the use of the slide rule with different values of 
the physical constants is simple. If it is desired to 
introduce new values «ci, nCt, and nCi', it is only neces¬ 
sary to make all calculations for a temperature Tn 
where Tn^TXcz/nCi and multiply the values so ob¬ 
tained by the following factors: 

Energy nCi/ci= h'c*^/hc^ 

Photons nCi^Ci ” c*Ic 

where c* and are the new values of the constants. 

Vn, ACCURACY 

The accuracy with which calculations can be made 
is limited by the accuracy with which the scales can be 
read. For any logarithmic scale the error is constant 
and approximately inversely proportional to the mod¬ 
ulus of the scale. In the case of the scales of i7xmax.(6), 
£r(a), ^xmax.(g), and Q{J) (the scales with the smaller 
m^uli) the error can be eliminated if desired by using 


the exact formulas given in Section II and included on 
the back of the rule: 

ffxmax. - 1.287SX S.6728X 

O.max.-2.1027X10«r^ Q--hS2l3XW^T^. 

The logarithmic scales limiting the accuracy of any 
calculations are those of temperature and wave-length. 
Both scales are of modulus 20 cm and the accuracy of 
reading is of the order of 0.25 percent. The other 
scales involved are those of the fractions (A, t, /, w, w, 
f, $) which are not logarithmic. In general, the rela¬ 
tive accuracy will vary according to the region of the 
scale in use. However, for the longer wave-lengths (red 
scales) the errors are constant, the values being: 

//x//7xmax. (f)—about 1 percent 

and Qx/(?xmax. (/ and o )—about 0.75 percent 
Q\^/Q (r )—about 0.5 percent 

In the region of the respective maxima, the relative 
error for the fractions is reduced to a few tenths of one 



Fio. 4. Error introduced by applicatbn of Wien or Rayleigh-Jeans formulas. 
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paxent, and incsreases from this value as shown in 
Table n, being aiqjroximately the same for all scales. 
The intr^uction of the diagonal scale presentation for 
the short wave-length ratio scales at one end of the 
slide prevents serious reduction of accuracy at the 
shortest wave-lengths. 

In Hxi-xi or Qxi-xj calculations the relative error is 
increased by taking differences, the error being greater 
for a narrow interval. For this reason it is better to 
assume a constant value of iJx or Qx over the interval 
as described in Section V. 

Vm. COMPARISON OP THR PLANCKIAN FORMULA 
WITH WIEN AND RAYLEIGH-JEANS FORMULAS 

Both the Wien and Rayleigh-Jeans formulas may be 
treated as mathematical approximations of the exact 
Planck formula. The latter may be written in the form 

It is possible to deduce either the Wien formula or the 
Rayleigh-Jeans formula and obtain the errors intro¬ 
duced by the use of these formulas in terms of x or T. 

If (XT very smaU) then e® is sufficiently larger 
than unity for e*— 1 to be replaced by e*, when 

This is Wien’s formula which is usually written in the 
form 

The error involved in using this approximation is 
(gx),-(gxA 

"" (ffxA 1) 


» 1) -1 = 

If, on the other hand, x<Sil {XT very large) then 

«■—l = -) —- 

and 

(£fx),r-*=(ci/c,»)x‘. 

This is, of course, the Rayleigh-Jeans formula and is 
usually written in the form 

(Ex),-(ci/e,)rX-*. 

The relative error is 

Jf ^ ^ 

iBx)p *»/(«"■“ 1) * ' 

X 1 1 

2 6 2 6 


The corresponding fonnuias for Qx, and Qp 
introduce similar errors as a function of x. 

In the case of calculations involving or Gxi^-xi 
estimation of the error is more complicated since the 
error is equivalent to some intermediate value of the 
error in the spectral qxiantity within the wave-length 
range involved. It can, however, be shown that the 
above formulas may be used to give the upper limit of 
the error if the largest value of Xr (smallest value of x) 
in the interval is substituted in the expression for the 
error in the case of the Wien formula, or the smallest 
value of xr in the case of the Rayleigh-Jeans formula. 

Figure 4 represents errors for both of the simplified 
formulas as a function of XF, The errors introduced by 
using either formula at given values of X or \T can be 
estimated using this graph. 
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Volumetric Respirometer for Aquatic Animals* 

P. F. SCHOtANDER 
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The oxygen consumption of fish and other aquatic animals can be determined in the gas phase of a closed 
system provided the water is thoroughly equilibrated with the gas phase. The present respirometer 
employs a simpler and more efHcient equilibration system than the earlier described model [Sdiolander, 
Haugaard, and Irving, Rev. Sci. Inst. 14, 48 (1943).) and permits a continuous recording of the oxygen 
consumption over a considerable range. The apparatus is well suited to be set up in banks and has been 
used extensively in temperature studies on arctic and tropical fishes and crustaceans. 


PRINCIPLE 

T he fish is kept in a respiration chamber where the 
air and the water are continually equilibrated by 
a turbine device. The gas volume is connected with a 
compensated manometer and a syringe with oxygen. 
The carbon dioxide is absorbed in the gas phase. As 
oxygen is used, new oxygen is introduced from the 
syringe so that the balance with the manometer is 
maintained. The oxygen consumed is read directly from 
the syringe. 

APPARATUS 

The apparatus consists of the following parts: res¬ 
piration chamber; manometer block with oxygen syr¬ 
inge, taper plug, carbon dioxide absorption bucket, and 
compensating vessel; frame with equilibration turbine 
and drive; and water bath. 

A glass jar furnished with a side arm serves as a 
respiration chamber. Valve grinding compound on 
copper tubing, mounted on a shaft and held in the 
drill press, was used to cut a one-inch hole in the side 
of a screw-cap jar. A short section of a one-inch screw- 
cap vial was cemented in the hole with de Kothinsky 
cement. An all-glass or plastic chamber would be 
preferable to the one described. The manometer is 
d^ed out of a plastic f-in. block, with a No, 24 drill. 
The upper openings of the manometer bore are molded 
to fit the s)rringe tip and taper plug. This is accomplished 


by pushing a hot syringe tip or identical metal taper 
into the holes and removing it under the cold water 
faucet. A small plastic taper or rubber plug is made 
for one opening. Half-inch plastic buttons are cemented 
on to the bottom of the manometer block to hold the 
rubber stoppers for the respiration and compensating 
vessels. The bottom portion of a small vial serves as a 
bucket for the carbon dioxide absorbant. The bucket is 
suspended in a metal clip which hangs from a wire 
loop stuck into the bore of the manometer block. A 
cylindrical vial is used as a compensating vessel. Hie 
volume of this vial does not affect the accuracy, but 
increasing volume gives increasing sensitivity. 

It is practical to mount several machines on the 
same angle brass frame having three wooden cross 
pieces (Fig. 1, B, C, D). The rubber stopper for the 
respiration chamber is screwed securely to B by means 
of long wood screws. A capillary glass tube passes 
through the stopper and through a large hole in B, and 
is supported by C. A stainless steel wire, to the end of 
which is attached a small plastic paddle, fits through 
the capillary. The paddle is separated from the stopper 
by a fiber washer (Fig. 2, B). A plastic cup is held over 
the paddle. This cup is made by pressing a piece of 
heated Plexiglass into a large hole with the bottom of a 
small jar. The hole may be drilled in a piece of wood. 
The edge of the cup is scalloped (Fig. 2) and holes are 
drilled through the center portion. The cup is held 


Fio. 1. Hsb rtspirometer suBi^nded in 
tank. A. Manometer block with com- 
pensathw vowel, Uper plug, oxygen syr- 
mge ana absorption bucket. Manometer 
block ia normally turned 90® to the cham¬ 
ber, not paralld aa shown in the figure. 
B. Torbinc bubbler. C. Support for capil¬ 
lary bearing with grease well. D. PuUey 
arrangement for driving several machines 
with one belt and one motor. 
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Fig. 2. A. Front view of turbine bubbler. B. Side view 
of turbine bubbler. 

tightly agamst the rubber stopper by means of three 
stainless steel wire clips. 

The upper end of the capillary is fitted with a piece 
of split Tygon tubing holding medium Nevastane grease 
(Keystone Company, Philadelphia). A small motor 
controlled by a rheostat drives the wire shaft either 
directly or through a belt and pulley arrangement 
(Fig. 1, D) if two or more machines are mounted on 
the same frame. We have been using banks of four 
machines. 

When the paddle spins, water is sucked in through 
the center holes and is thrown out through the openings 
at the cup edge. If the water level is so adjusted that 
some of the holes are above water, the turbine will 
also draw in air. The degree of mixing and equilibration 
can be adjusted with the rheostat. 

Any tank may be used as a water bath. Heavy 
wooden tanks are good insulators and maintain the 
temperature well. For accurate work the water bath 
should be regulated to within a few tenths of a degree. 

REAGENTS 

The manometer fluid consists of methyl orange- 
colored water with liquid potassium soap juided until 
it runs easily in the manometer bore. We have been 
using Ascarite (A. H. Thomas, Philadelphia) for carbon 
dioxide absorption. 

OPERATION 

The respiration chamber is filled with aerated water 
of the proper temperature, the fish is put in, and .the 

PERCEMT 5ATURRTl0n 



Fio. 3. Absorption rate of gasses into 90perccnt saturated 
water ninning the bubbler at rnedlum speed. Tae total amount of 
gasses re*absorbed agrees closely with the theoreflcal value. 


chamber is securely connected to the stopper. The 
frame is suspended in the water bath by a wire hodk 
so that the side arm of the fish chamber protrudes out 
of the water. The turbine is started and the bubbling 
adjusted by adding or removing water with a S 3 rringe 
and by changing the tilt of the frame. The machine is 
left running open to the air until the temperature and 
gas tensions have equilibrated. This usually takes only 
a few mmutes. The compensating vessel, containing a 
few drops of water, is attached to the manometer 
block, manometer fluid is filled to the mark, and the 
bucket, partially filled with Ascarite, is hung on the 
loop. The manometer block is then firmly connected 
with the respiration chamber. A slightly greased taper 
plug and a syringe filled with oxygen are placed in the 
proper manometer openings (see Fig. 1). The top of the 
syringe is sealed with a drop of glycerine and an ar¬ 
resting clip is put on. 

At suitable intervals oxygen is delivered from the 
S 3 ninge to keep the manometer fluid at its mark. The 
amount of oxygen introduced into the respiration 
chamber equals the amount of oxygen consumed for 
that period, uncorrected for S.T.P. The S.T.P. factor 
applies only to the syringe. As the oxygen syringe is 
not protected by the water bath the smallest practical 
size S 5 n'inge should be used and the determination 
should be run in a room of relatively constant tem¬ 
perature, 

ACCITRACY 

The accuracy of the machine is determined by blank 
runs and by measuring the equilibration rates between 
the gas and the water. With 300 cc distilled and aerated 
water and 50 cc air, the system is stable to within plus 
or minus 0.01 cc per hour as read on a tuberculin syr¬ 
inge. Water badly contaminated with bacteria may 
give a positive blank. Runs made on the water after a 
fish has been in it for several hours sometimes give a 
positive blank, which is usually insignificant compared 
with the oxygen consumed by the fish. 

The equilibration rate can be roughly estimated by 

OXYfrEh in AIR 

• nnVnm. 



%RtlttAATUAATI^ 


Flo. 4. Rate of oa^n absorption at various saturations 
estiinated irw the mte of ah absoq^^ 
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determining the rate at which air is taken up by par¬ 
tially evacuated water. Two hundred and seventy cc 
water is equilibrated in the open machine. Water is 
boiled for ten minutes in a stoppered Erlenmeyer flask, 
the steam escaping through a hole in the stopper. 
While boiling, the water is drawn into a 50-cc syringe 
by means of a long needle inserted through the hole in 
the stopper. The initial gas bubble is expelled and the 
gas-free water cooled anaerobically in the syringe to 
the exact temperature of the water bath. 

Thirty cc is added under the water in the fish ma¬ 
chine with turbine off. The manometer is put on, a 
one-cc tuberculin syringe containing air is connected 
and the turbine is started. From Fig. 3 it will be seen 
that the amount of gas which was taken up by the 


water agrees closely with the dr solubility for that 
temperature. In Fig, 4 the rate of air intake is plotted 
against the saturation. With 90 percent saturated water, 
the **air*' was re-dissolved at the rate of 500 mm* per 
minute. Of this “air^' approximately 34 percent would ' 
be oxygen and consequently, the rate of oxygen ab¬ 
sorption into the same water was at least 34 percent 
of 500 “170 mm* per minute. This is more than 
sufficient for any fish or crustacean which can be put 
into 300 cc of water. At high temperatures foaming 
can be serious trouble, making the use of more water 
and a larger respiration chamber necessary. There does 
not seem to be any reason why the system cannot be 
adapted for continuous respiratory studies on very 
large forms. 
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The operation of the 184-in. synchro-cyclotron is reviewed in terms of the theory as developed by Bohm 
and Foldy. Certain relevant data on the properties of the magnet and rotating condenser are also presented. 


1. INTRODUCTION 

T he general theory of the operation of a frequency 
modulated cyclotron—or synchro-cyclotron—has 
been discussed in earlier papers by Bohm and Foldy^* 
among others. The purpose of the present paper is to 
present in more detail than previously report^* such op¬ 
erational data for the 184-in. Berkeley synchro-cyclotron 
as might be of interest. It is also intended to interpret 
the performance of the machine in terms of the theory. 
We mention first general characteristics of the machine 
and then investigate the operation when certain condi¬ 
tions are varied, 

2. NORMAL ACCELERATION OF IONS 


below. The actual values for the machine are later 
tabulated (Table I) and graphed (Fig. la and lb). 

(a) II{f)/He —where H{f) is the value of the mag¬ 
netic field in the median plane and perpen¬ 
dicular to it as a function of the radius (r); and 
He is the value of the field at the center of the 
machine. 

(b) n{f)^--{TfH){dHfdr\ (1) 

(c) /3*(r)«[l+(ilfocVZ6rH)*r- {v/c)\ (2) 

where is the rest mass of the ion, c is the 
velocity of light, Ze is the charge on the ion, 

c is the unit electric charge, and v is the velocity 
of the ion. 


The final design of the 184-in. magnet determines 
such things as the energy of the ion as a function of the 
radius, r, while the design of the rotating condenser 
affects the mean rate of energy gain per turn. Since 
these and other related quantities wiU be needed in 
subsequent discussions of the performance of the 
machine, the expressions for these quantities are given 


Bohm and L. Foldy, ‘The theory of the synchrotron,” 
Phys. 70. 249 (1946), herein after referred to as paper A. 
Equations ana figures from this paper will be referr^ to as 
(A-K) or A-Fig.(X)), respectively, 

* D. $ohm and L. Foldy, “Theory of the synchro-cyclotron,” 
Phya Rev. 71649 (1947), referred to as paper B. 

^ Biobedc, Lawrence, MacKenaie, McMiUan, Serber, Sewell, 
and Thornton, Phys. Rev, 71,449 (1947). 


(d) £(r)“£o/(l-“/3*)*—the total energy of thd ion, (3) 
including the rest energy (£o)* 

(e) w^ZeHfMc where w is the angular frequency (4) 
of rotation of the ion, and M the total mass 

of the ion. 

(f) iir«l+(w/l”w)(^Vt^)' a necessary physical (S) 
quantity (see A-(16)), 

an alternative expression of K (6) 
valid in a parabolic magnetic field (see B-(5)) 
where k expresses the rate of decrease of the 
magnetic field with radius, i,e., 


(7) 
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Tabu: I. Data oo syncluro-cydotnm. Deuteron energy, etc. 


f 

(inches) 


N 

K 

i/fi* 

(Mev) 

aiO-^/sec. 

—rf Inwi/rfr 

AJS.<100/C) 

kev 

r/V 

0 

1.0000 

0.0000 

6.37 


0 

11.465 

1.43 

3.7 

0.955 

s 

0.9981 

0.0026 

3.83 

1084.7 

0.8 

11.439 

1.45 

6.2 

0.960 

10 

0.9957 

0.0040 

2.10 

273.25 

3.4 

11.396 

1,47 

11.5 

0.963 

15 

0.9937 

0.0060 

1.74 

121.46 

7.6 

11.347 

1.48 

14,1 

0.972 

20 

0.9913 

0.0111 

1.78 

69.66 

13.5 

1 L 285 

1.49 

14.0 

0.980 

25 

0.9883 

0.014 

1.66 

45.21 

21.0 

11.206 

1,49 

15.2 

0.990 

30 

0.9856 

0.016 

1.53 

31.87 

30.1 

11.122 

1.49 

16.7 

1.002 

35 

0.9829 

0.020 

1.49 

23.79 

41.1 

11.027 

1.46 

17.0 

1.014 

40 

0.9798 

0.028 

1.53 

18.57 

52.6 

10.927 

1.42 

16.4 

1,027 

45 

0.9763 

0.031 

1.48 

14.98 

65.9 

10.813 

1.38 

16.7 

1.043 

50 

0.9732 

0.032 

1.41 

12.40 

80.4 

10.699 

1.32 

17.1 

1.058 

55 

0.9698 

0.040 

1.44 

10.50 

96.2 

10.576 

1.25 

16.2 

1.070 

60 

0.9658 

0.055 

1.52 

9.037* 

113.2 

10.442 

1.15 

14.4 

1.086 

65 

0,9614 

0.055 

1.46 

7.912 

131.0 

10.319 

1.07 

14.2 

1.097 

70 

0.9576 

0.051 

1.38 

7.007 

150.0 

10.166 

0.97 

14.0 

1.110 

75 

0.9540 

0.057 

1.38 

6.272 

170.0 

10.028 

0,87 

12.9 

1.122 

76 

0.9533 

0.056 

1.36 

6.144 

174.1 

10.001 

0.85 

!2.8 

1.125 

77 

0.9526 

0.057 

1.36 

6.013 

178,5 

9.972 

0.83 

12.5 

1.128 

78 

0.9519 

0.066 

1.41 

5.893 

182.6 

9-945 

0.82 

12.0 

1.129 

79 

0.9510 

0-081 

1.51 

5.779 

186.8 

9.915 

0.80 

11.0 

1.130 

80 

0.9499 

0.113 

1.72 

5.674 

190.8 

9.885 

0.78 

9.5 

1.131 

81 

0.9482 

0.176 

2.19 

5.575 

194.7 

9.848 

0,76 

7.3 

1.135 

82 

0.9456 

0.292 

3.27 

5.486 

198.4 

9.804 

0.73 

4.7 

1.138 

83 

0.9413 

0.424 

5.00 

5.423 

201.1 

9.747 

0.70 

— 

1.140 

84 

0.9351 

0.914 

6.67 

5.372 

203.3 

9.672 

0.65 

— 

1,142 

85 

0.9219 

1.080 


5.393 

202.4 

9.540 

0.64 

— 

1.145 


* 15.000 gauss (4<inch con«s In center). 


The above quantities depend on the shape of the 
magnetic held. In addition there are the quantities 
which depend on the physical characteristics of the 
rotating condenser that modulates the frequency of the 
dee voltage.* These may be expressed as a function of 
the phase t of the rotating condenser, where we let 2irT 
represent the phase angle of the condenser and raO 
when the oscillation is at maximum frequency. 

(g) w«(r)»the angular frequency of the oscillator. The 
subscript . denotes the angular frequency the ion 
must have if it is to be locked mto the ^chronous 
orbit at a fixed phase angle with no oscillations 
about this phase angle. 

(h) [l/’(T)]/'P’a>the ratio of the actual maximum dee 
voltage across the gap to the mean value during a 
modulation cycle. 



Fio. Is. Deuteron energy, magnetic field and » as a function 
of the radius. 


* For the design of the frequency modulation equipment see 
F. H. Schmidt, Rev. Sci. Inst. 17, 301 (l^)j MacEensie, 
Sdunidt, Woodya^, and Woute^ Rev. Sd Imt 19,126 (1940). 


(i)—(d]aa,)/dr: a quantity used in computing mean 
energy gain per revolution. 

The last three quantities have been expressed as a 
function of r. However, the angular frequency of the 
ion is determined by the expression for <a given in (e) 
and depends on the magnetic field. For an ion to be 
in the synchronous orbit at any time its frequency must 
also be u,. This condition provides a unique correlation 
between the phase of the oscillator and the radius of 
an ion in the s)mchronous orbit. We accordin^y 
denote the radius, energy, and angular frequency of 
such a ^chronous particle by r„ E„ and oi.. This 
correlation also permits us to express V/V and 
— (d ]iua,)/dT as a function of radius. 

An ion will stay at the synchronous frequency only 
if it gains energy at the proper rate. This may be 
expressed using A-(15) by 

dE £, du, CE, du, 

—«-a,-, (8) 

dt Ku, dt Ku, dr 

where t is the time. To mq>ress the energy gain in terms 
of the rate of frequency modulation we have let T*»Cf 
where C is the number of frequency modulation cycles 
per second. Multiply (8) by tlte period of a revolution, 
2 t/«„ to get the energy gain per turn for the syn¬ 
chronous orbit, AE.i so that 

6£^C^2wE,/KaJi-d\m,fdr2. <9) 
The change in radius per turn wiU be giv^n by A-(14). 

AryC-Cry(l-»»>9.*3WCiW. 
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There will also be additional radial oscillations— 
due, for example, to inhomogeneities in the magnetic 
field—^which will be called “free radial oscillations”* 
There will also be free vertical oscillations—i.c., 
oscillations perpendicular to the median plane of the 
magnet gap, denoted by a s coordinate—due originally 
to the ions starting their orbits at positions displaced 
from the median plane. 

The general equations of motion of the ion may be 
obtained from the Hamiltonian 

+ I(16a) 


Fig. 1V>. Variation of modulation frequency and applied 
voltage with time. 


Now the phase angle, for acceleration in the syn¬ 
chronous orbit is given by eV sin0*=A£,. Due to the 
change in A£, and in V during the acceleration period 
the phase angle will change during the acceleration. 
The magnitude of the variation in sini^, may be deter¬ 
mined from the equation, 

sin«.= (f/F)AJS.. (11) 


3. OSCILLATIONS ABOUT THB 
SYNCHRONOUS ORBIT 

The motion of a particle on the synchronous orbit is 
described by the expressions in the preceding section. 
Actually, few, if any, particles follow this orbit pre¬ 
cisely. There are deviations from the orbit due to the 
fact that ions are not injected at the correct frequency 
corresponding to the central magnetic field, also due to 
the fact that ions are not injected at the synchronous 
phase angle, if),, but of necessity near a phase angle of 
90° (see B-App>endix I). These causes will result in 
phase oscillations of the radius, energy and phase angle 
(see paper A). 

The angular frequency of phase oscillation (A-(21)) 
is given approximately for small oscillations by 

w,H~ieVKcoa4>,/2irE.)^.. ( 12 ) 

The period of this oscillation will be 

2t/U ph- (13) 

The amplitude of the energy oscillation will be (A-(19)), 

AEp*- ±(«7£./ir/j:)*CCf(^)- lf(«)]», (14) 

where 

l^(^)“""Coa^—^sin0, (IS) 


and ^ is the maximum value of 0. 

The amplitude of radial phase oscillation will be 
given using A*(14). 


Ar,*- 


(l-N)/S,* £. ■ 


(16) 


where A= (A., A#, A.) is the vector potential in cylindri¬ 
cal coordinates and 4> is the accelerating potential, and 
P— (Pn Pt, p>) are the canonical momenta. The investi¬ 
gation of the free vertical and radial oscillations near 
any specified radius, ro, may be carried out while 
neglecting the accelerating dee voltage. The mass may 
be taken as constant. The magnetic field may be taken 
as a function of r and z only, where z is the distance 
from the median plane. In this case it is possible to 
set Ar=A,=0 and retain only A«=A(r,z). The equa¬ 
tions of motion of the ion about a certain equilibrium 
orbit of radius, ro, under these conditions can be 
written to the first approximation as 

d*(Af)/d/*=-(l-»)«o*Ar, (17) 

<Pz/ dP=— tua(,% (18) 

where Ar = (r—ro) is the deviation from the equilibrium 
orbit, wo is the angular frequency in the equilibrium 
orbit and n is the value of n for the equilibrium orbit. 
The free radial oscillations will have the angular fre¬ 
quency «r=(l—«)*wo and the vertical oscillations will 



Fio. 2. iQn current u funcUon of radius. 
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Fro. 3a. Diagram showing^^ shaped probe. 

have the angular frequency w,"(n)*ojo. The vertical 
motion will be stable only for n>0 and the radial 
motion will be stable only for n< 1. At 1 there will 
be resonance between the periods of rotation and 
vertical oscillation, so in this region the vertical ampli¬ 
tude could build up due to resonance effects—in the 
same manner as the radial amplitudes could build up 
at n==0. Hence, for a stable orbit 0<«<1. It follows 
that both o>r and w, are smaller or slower than «o. 
Consequently, while the ion is performing one revolu¬ 
tion, it will not complete a free radial or vertical 
oscillation. The result will be that the azimuthal 
position in the machine at which the ion has a maximum 
radial displacement will precess. The precessional period 
for radial oscillations will be 

rp.= 2T/{a)oCl-(l-n)l]l (18a) 

and the precessional angular frequency will be 

cop.=cooCl-(l-n)l]. (19) 

The change in mean radius during a precessional period 
will be given by 

{l/[l-(l-«)*]l[r./(l-»)/3.»](AE/£.). (19a) 

4. OPERATION UNDER NORMAL. CONDITIONS 


longer be retained in stable' orbits (this occurs pri* 
marily before a radius of 20 inches is reached.); (4) loss 
of beam at small radii due to inadequate vertical 
focunng. Since the probe cannot go closer to the center 
than about 20 inches, the curve obtained (vbich starts 
at a radius of 25 inches) would not be erqtected to drow 
c TA«Gtr any considerable change in beam intensity during 

THtdtt. ftccel^atioP- 

S. LOSS OF BEAM AT LARGS RADIUS 

Originally it was expected that the beam could be 
accelerated to the radius at which n>Bi, whore the 
motion becomes radially unstable. Actually, however, 
most of the beam disappears at a radius of about 81.5 
inches. Copper probes in the shape of a C (see Fig. 3a) 
—with the open end of the C toward the center of the 
tank—were placed in the path of the beam to find out 
what happened to the beam. Radioautographs were 
made of these probes (see Fig. 3b). Tliey show that 
beam is received in the back part of the C at a radius 
of 75 inches. The radioautograph at the 82-inch radius 
shows most of the beam hitting on the top of the C. 
The lack of tymmetry for top and bottom is probably 
due to not centering the probe in the surface of sym¬ 
metry of the beam. This surface is determined as the 
surface about which the vertical oscillations of the ions 
take place. The loss of the beam could be considered as 
due to this surface being displaced. However, densi¬ 
tometer measurements of probe radioautographs at 
r»75 inches indicate that the surface of symmetry is 
displaced upwards only one-half inch while at rn 80^, 
81f, and 82} inches ^is surface is very close to the 
median plane of the magnet gap. The radioautograph 
at 83 inches shows all of the beam hitting the top or 
bottom of the C probe before the 83-incb radius is 
reached and none hitting at 83 inches. It was also 
observed that there was a “hot” spot on the dee at 
about this radius where presumably the amplitude of 
vertical oscQlations increases sufficiently to cause the 
ions to hit the dee. The hot spot was on the top of the 
dee due to the fact that the surface of symmetry is 


Typical operating conditions (e.g., magnetic field, 
tank pressure, etc.) are given in Appendix I. Unless 
otherwise mentioned the discussion and data refer to 
operation with deuterons. The deuteron beam current 
received on an internal target as a function of the 
radius is plotted in Fig. 2. The minor variations in the 
ion current between 25 and 70 inches 'presumably 
are not significant and probably arise due to the method 
of reading the current. The factors that cause decrease 
of beam intensity (neglecting the effects at the maxi¬ 
mum radius reached) are effective primarily at the small 
radii. These are (1) gas scattering which is unimportant 
at higher energies; (2) return of ions to center which 
takes place primarily during the first phase oscillation 
so that most of these ions never get beyond a radius of 
about 10 inches; (3) loss of beam because of the increase 
of the synchronous phase angle so that iona can no 
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about otushalf inch above the median plane of the 
magnet gap while the dee is centered in the gap. 


5a. Coupling at n« 0.2 

It appears that the coupling between free radial and 
vertical oscillations at W“*0.2 (r—81.2 inches) and the 
coupling between vertical oscillations and azimuthal 
itthompgeneities at «*0.25 (f==81.7 inches) is adequate 
to cause this loss of beam. 

The amplitude, Art of Ihe free radial oscillations is 
not known accurately but it is probably of the order 
on the average of one or two inches. The amplitude, 
Agj of vertical oscillation is probably less than one 
inch. However, if all the energy of radial oscillation 
were fed into the vertical oscillation, the new amplitude 
of vertical oscillation, *4/, would be 

( 20 ) 

At »=0.2, («r/w,) = 2. Hence, if inch and the 

energy in the radial oscillation were fed into the vertical 
oscillation, the amplitude Ag would be at least 2 inches. 
Now the surface of symmetry at this radius is about 
one-half inch above the median plane of the magnet 
gap. The vertical clearance in the dee is 5 inches so 
that the distance from the surface of symmetry to the 
dee will be only 2 inches. Hence, all ions with Ar>l 
inch would be intercepted by the dee if this process 
went on. 

The extent to which this process goes on may be 
roughly calculated in two steps. We may first calculate 
the extent of coupling between the two modes of 
oscillation as follows. Let r=fo(l+p)> and 
where coo is the angular frequency of rotation at the 
radius in question. (Note that t as used in this section 
is not the same r as used to denote period of frequency 
modulation.) Then the Hamiltonian, neglecting the 
accelerating voltage, may be written in the following 
form 




M 

7 


^ Pr^ 

-1-1-hwrVoV+co,Vo*f* 

iP AP JiP 


—awoVo*pf*+ • • • 


( 21 ) 


where p is the orbital angular momentum for the 
equilibrium orbit. The a«[(f*/jy)(d*ff/df®)]ro repre¬ 
sents the coupling coefficient. Transforming to action 
and angle variables the Hamiltonian is averaged over 
the short term oscillations leaving only the long term 
osdllatbn due to the coupling term. It is found then 
that the duration of the coupling period, rj —i.e., the 
period of the long term oscillation in which period the 
amplitude of the z oscillation will change from its 
tyifntttmm value to a maximum value and back to its 
iidnimum value again—can be rei»reaented roughly by 
r;iCaat2ir(0.8ro/-^ai4r)* For a«-^6.4 and Ar^l inch the 
pe^ is Tjcsi2ir t0j Le., the time it takes the 


ion to perform 10 revolutions, and during this coupling 
period at some time most of the energy of radial oscilla¬ 
tion will be in the vertical oscillation. Hence, if the dur¬ 
ation of the coupling is as large as r/, we can expect a 
considerable variatbn in the amplitude of A», Actually, * 
when there is a considerable change in Art or Ag, this 
method of solution is not accurate. However, if the 
method indicates large changes, it is an indicatbn of 
possible danger points. 

Now actually as the ion increases its radius the 
value of n slowly increases. Whether much energy 
transfer takes place will depend on the length of time 
that the ion is close to resonance. An estimate of the 
effective period of resonance can be obtained as follows: 
let n = fto+iTT where no is the value of n at the resonance. 
Then substitute this expression for n in The imcoupled 
Eqs, of motion, (17) and (18), and obtain the solutions 
for the uncoupled equation in p, f, Taking these as the 
solutions of the homogeneous equations we have to 
solve the non-homogeneous coupled equations 

tPp/d/^=-(l-n)p+(a/2)r, (22) 

and 

— wf-hotpf. (23) 

The method of variatbn of parameters is used with the 
above approximate solutions. The variable coefficient 
in the solution then contains a term of large amplitude 
which is a Fresnel integral. The time taken to go from 
the minimum to the maximum value of this integral 
gives an approximation to the effective resonance 
period, tr —i.e., an approximation to the time during 
which the coupling may be considered effective as the 
particle passes through the resonance value w=0.2. It 
is found that 


tr = 4[t«o(1 - no) Vo-]*. (24) 

Now 

< 7 = dn/dr ~ dn/dr • dr/dr 

= [(n+n’-a)/(l “ n)/P](A£,/2TE.)* (25) 

The criterion may now be adopted that if tr> tj most 
of the energy of radial oscillation will be transferred to 
vertical oscillation at least once as the ion goes through 
the resonance. Similarly, if a machine is being con¬ 
structed and we wish to decide what physical condition 
must be met to have incomplete energy transfer for 
«»=0.2, the condition would be approximately that 
rR<Tj; i.e., we obtain the condition that 

O.SSro^ A£. 

-<-. (26) 

0.24-a 0^Ar^ E, 

Calculation of tr for the 184-m. synchro-cyclotron 
with is, =« 2070 Mev and AE,«6 kev gives tr—It* 100, 
i.e., the passage through the resonance takes about 100 
revolutions. Hence, we can expect almost compbte 
energy transfer and so can expect that ions with 
amplitude of radial oscillation, Ar^ greater than 1 inch 
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will be lost near the «»»0.2 radius due to striking the 
dee. 

Now we have discussed above an 'experiment in 
which C shaped probes were used to detect the beam. 
In these experiments it was found that some of the 
beam struck the central part of the probe placed at a 
radius of 82 inches, but that none struck the central 
part of a probe placed at a radius of 83 inches. [[In view 
of the data discussed in Section 15 as to the true center 
of rotation of the ions, we should probably correct 
these to 82.2 inches and 83.2 inches from the actual 

I I —,—p —,—2 



Fio. 4. Ion current as a function of the dee voltage. 

center of rotation of the ions.] Ions which strike in the 
central region of the probe may belong in one of two 
groups. If .<4r<l inch we may expect the ions to be 
accelerated past the radius at which n*0.2 without 
striking the dee. (The possible loss of these ions will be 
discussed below.) Ions with v4,>l can be expected to 
get to a radial distance greater than where n=0.2 
during part of their orbit, smee the resonant coupling 
is effective where the average value of n during a 
revolution is 0.2. Calculation of the average value of n 
indicates that if Ar> 2^ inches, the ion should get to a 
radius of 83 inches; if i4 .> 5 inches the ion should get 
to a radius of 83§ inches. Hence, we may conclude that 
in the 184-m. cyclotron, ions with 1 inch<.4,<S inches 
may indeed be lost by coupling near the radius where 
m- 0.2 and not show up on the central part of a probe 
placed at a radius of 83} inches. ' 

It is possible by using (26) to determine a limit for a 
to insure that coupling be unimportant at w-0.2. For 
the I84-in. synchro-cyclotron letting AE’=6 kev and 
Ar<= 1 inch it is found that the coupling coefficient (—«) 
should be less than 0.14. Actually, it is about 6.4. 
Hence, if this is the reason for losing the beam at n* 0.2, 
it would be rather difficult to correct the field in this 
case as ffiis means determmmg C-(l/H)(a*H/df*)],^, 
so that it is less tljan 0.00002/in.* whitffi means very 
high accuracy in machine construction and field meas¬ 


urements. The physical process can be seen as follows. 
When —a is large, the strength of the vertical ftwees 
increases rapidly with radius since the field Imes are 
more curved at the larger radii. Hence, when an ion is 
at large nulii due to a radial oscillation, it will experi¬ 
ence large vertical forces. At smaller radii the vertical 
forces will be weaker. With a suitable phase relation 
then it can be seen that the ion can have its vertical 
amplitude built up by the strong forces at large radii 
which are not counterbalanced by forces of similar 
strength at small radii. 

In the case of the 37-in. synchro-cydotron, with the 
same value of Ar and AE-5 kev, at the radius where 
«=*0.2, (—a) again should be less than 0.14. The actual 
value seems to be smaller than this. Radioautographs 
of C shaped probes show that the beam does not blow 
up in the 37-in. synchro-cyclotron at the radius where 
n=0.2 (ro= 16 inches) but that actually a considerable 
amount of the beam does reach the radius where n— 1. 
The difference between the two machines may be due 
to the fact that the rate of decrease of the field is 
changing rapidly for the 184-in. synchro-cyclotron near 
this radius. This is not true in the case of the 37-in. 
^chro-cyclotron. 

5b. Coupling at n=0.25 

The coupling here would be between the vertical 
oscillation and azimuthal inhomogeneities in the mag¬ 
netic field, the ion performing two revolutions for each 
vertical oscillation. A term of the form ecosfi would 
give coupling at »=>0.25. It is possible to develop 
the radial component of H, in a series such that we 
can have 

ff,m, — (zff,/r)tt(l+ft coafi), (27) 

where A is a small quantity. We then must investigate 

the solution of 

d^zldi?^^ — («/ Mc)riH,’= —«o*»(l-t-A coa$)z. (28) 

Letting uait’^d$, 9^2^, n=0.25 the equation becomes 

dh/dd^+(l+hcos2^)z-‘0, (29) 

which is a form of Hill’s equation. An approximate 
solution can be obtained in the following form 

s» Const. exp[=b(2/3)‘(A/2ir)«]-*(tf/2), (30) 

where 9(9/2) is a periodic function. Hence z will change 
by a factor e when 

tf-2ir[(3/2)*(l/A)]. (31) 

Investigation of the available data on the fidd of the 
184-in. magnet indicates that it is possible that sutffi an 
inhomogendty exists neat »-0.25 with A of the order 
of O.OS. Hence, we may expect that in a period of 24 
revolutions, ions could inoreaae the ampUtu de of their 
vertical oscillation by a factor a. 




OPERATION OF THE 184" CYCLOTRON 


893 


The resonance time in this case is found to be 

(32) 

Letting A£,=S kev, a”-“0.0015r® it is found that 
rii«2T(104). Hence, the effective resonance time is 
sufficiently long to permit a considerable increase in 
the amplitude of vertical oscillation. Only particles 
with an initial Am^I inch could be expected to get 
through this resonance in the 184-in. synchro-cyclotron. 
Hence, this coupling could be expected to account for 
the loss of practically all of the beam that might have 
gotten past the n= 0.2 resonance. 

There is insufficient data on the 37-in, magnet to 
investigate the effect of this coupling for that magnet. 
The effective resonance time, r/e, is quite a bit shorter— 
only 27 revolutions. Radioautographs of a C shaped 
probe do indicate that there is some blowing up of the 
beam at 18 inches near where n = 0.25. 

Investigation of the resonance at n= 0.1 indicates 
that it is not dangerous. As we go to higher order 
resonances the coupling is probably much weaker so 
that the coupling period becomes longer. Hence, these 
resonances are probably unimportant. 

5c. Coupling at 0.1 

The coupling here would be between the vertical and 
radial oscillations with Assuming a median 

plane of symmetry, the coupling term in the Hamil¬ 
tonian ( 21 ) would be of the form where 

/it <~(l/ 6,6 !)[(rV-ff a: 7 / 6 . 6 ! Actually,/it g 

will contain other terms but unless the lower deriva¬ 
tives are extremely large, this will be the important one 
to consider. We then find for the mndition Tit>Tj that 
we must have 

6480(ro M /) > a 7 [ 2 ^(£,/A£,)]i. 

Assuming Ar=2 inches, -4^=1 inch, ro=80 inches, 
AE,=«10 kev, we find that the seventh 
derivative of (iZ///o) should be less than 0 . 1000 /inch^. 
Magnetic field measurements at each inch of radius 
might be used to estimate what the actual situation is 
by replacing derivatives by differences. However, the 
magnetic measurements are not good enough to give 
really significant values for the seventh difference. 
Even so, it appears that there is a large safety factor 
at this resonant frequency. 

6. VAMATION OF ION CURRENT WITH VOLTAGE 

The maximum obtainable ion current as a function 
of dee voltage is plotted in Fig. 4. All other conditions 
—such as condenser speed, etc.-—were adjusted at each 
voltage to give the maximum current. The slope of the 
line between 9 and 17.5 kv indicates that the current 
varies as the third power of the voltage. As pomted 
out in the paper by Richardson ei there are many 

^RSduudson, Wright, Lofgren, and Peters, Phys. Rev. 73, 
424 ( 1948 ).. 


factors that influence the variation of current'%ith 
voltage, such as; 

1. Source current. The ion current that can be pulled mU of 
the source will depend on the accelerating dee volta^ and 

be expected to vary as VK ' * 

2. Loss of ions due to collision decreases with increa^ng Ion 
energy. Hence, if the ion has a shorter path at low energies there 
will ht less collision loss. With higher dee voltages the path 
length before a given energy is attained will be shorter. 

3. The catching efficiency also varies with dee voltage. The 
£q. B-(IO) indicates for a fixed phase angle the efiidency will 
vary as V^. Actually, the more detailed considerations of what 
ions are caught in phase stable orbits indicate that the ion current 
variation is even more sensitive to the voltage. This is related 
to the fact that with higher voltages the ions caught in phase 
stable orbits will reach larger radii in the first phase oscillation. 

7. VARUTION OF ION CURRENT WITH 
CONDENSER SPEED 

The ion current obtainable for fixed dee voltages but 
varying condenser speeds is plotted in Fig. 6 . The 
figure is in terms of ///max vs, C/Cmax, where /max is 
the maximum ion current for the given voltage and 
Cmax is the condenser speed at which the beam disap¬ 
pears. This variation of C is equivalent to varying the 
synchronous phase angle. 

The second paper by Bohm and Foldy gives a curve 
(B-Fig. 2 ) which represents the capture efficiency as a 
function of synchronous phase angle. However, this 
does not represent the above experimental data for the 
184-in. synchro-cyclotron too well. This is primarily due 
to the fact that during a frequency modulation cycle 
of the 184-in. synchro-cyclotron the value of sin^, 
varies by a considerable amount. The increase of 4>t 
from its value during the first phase oscillation to its 
value at the maximum (near f=35 inches) means that 
the range of the maximum value of <}> during the 
phase oscillation, in stable orbits will shrink. Hence, 
although the ^ for a given ion may have been in a 
stable range during the first phase oscillation, it may 
be that at the maximum the is no longer stable. 
If we know the maximum value of during the f-m 
cycle, we can determine what range of ^ will be stable 
at that 0 «. Since ^ will not remain constant during the 
cycle it is necessary to be able to connect the value of 
at f=»35 inches (^/) with the value of in the 
first phase oscillation (^,). (In the following the second 
subscript « denotes the value of the quantity at the 
start in the first phase oscillation and the subscript / 
the final value—or the value at f=«35 inches.) An 
approximate relation between these two values of ^ 
may be obtained as follows. 

We know that during adiabatic changes the action 
integral as given in (A), is invariant under 

such changes, where 

(33) 

and 

(eVto.^K/ir£o)Cl7(^)- U{^)1 
or 

^*«^o*+(eF«.*X/TjBo)Lcos^(^-7r/2)sin*.]. (34) 
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Fic. 5. Theoretical efficiency for constant dee voltage and 
varying condenser speed. 

We shall assume that the change in ^ on going from 
the first phase oscillation to the situation where r=35 
inches is adiabatic. Now ^ varies between upper and 
lower limits and we assume that a crude approximation 
to the evaluation of J may be obtained by setting 
siruop/if (see A-(22)). Then 

Z**/^*^ sin*cD,*fdf=ir(/^V«P*)- (35) 

Hence, we assume for this approximation that /<^V«p* 
is constant in time. Now we are interested in the 
limiting 4 L retamed when r=35 inches. This will be 
for 0»,=7r—0.. Hence 

(eVu,*K/irM<?)[cosij>+cos4>, 

+ («+d>i—x) sin4>.]. (36) 

Since ^ has'its'maximum value at we have 

( eVu,*K \ 

2-[cos0,4-(<^.-x/2) sin<<>,] ) 

xJlfc* // 

/ eVa.^K \ 

“( 2 —rrrW2..^.)), (37) 
V tMc’ /; 

where 

^ 1 (^ 0 ,0»)='[cos0o+cos^,+ (^o+^i—x) sin^,]. (38) 
The value of at the start should be given by (B-(6)) 
eVu.^K 

--^cos^-cos0o+(0-0o)sin0,], (39) 



Fio. 6. Variation of ion current with condenser ^>eed 
(or syadironoas phase angte). 


where ^0 is the fdiaae ang^ at the sti^ of the accelera¬ 
tion and ^ is value of 4 At this angle. It is shown in B 
that the effective starting phase, for all ions is */2. 
Hence, setting to get we have 

*,)].. (40) 


Using (35), (37), and (40) we then have 

or 

-[ 


(41) 


reF«.*A' 


tMc* 


-F,(r/2 




(42) 


Substituting for 7, wps we get 




VcF«.*aJ 

“lco80.rF.A, 


XF,(t/2,^./)-F.(t/2,^..). (43) 


This will give the limiting stable ^0 which can start in 
the first phase oscillation and just be retained when 
r«35 inches. For small phase angles this may give a 
greater range of phase stability than is given by B-(8), 
Hence, the limiting ^ is determined by the smaller of 
the two quantities either B-(8) or (43) above, since the 
first one indicates ions that can be retained at small 
radii and the latter indicates those that can be retained 
at larger radii. 

The calctdation of depends on the value of 
certain quantities in the first phase oscillation. Now K 
varies considerably in the first few inches. A reasonable 
value to take seems to be that at the radius where ^ 
goes from positive values to negative values since only 
those where ^ becomes negative will be retained. We 
are interested in ions whose initial ^ is near the maxi¬ 
mum positive value. A rough calculation indicates that 
for 0M<ir/4 a reasonable value of rt^lO inches. On 
this basis a capture effidenqr curve Li{p) was computed 
and plotted against the maximum phaM angle an ion 
might have in its orbit (see Fig. 5) where the relation 



Fio. 7. Ion cumot received m a fonctioB of arc pnise posithnk 
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Fio. 8. Schematic drawing of oscilloscope pattern. 


between the total range of that may be captured 
into permanently stable orbits and Zi(p) is given by 

r/eV(i},^K\h 

Ao).- j J 2i:i(p). (43a) 

It will be noted that this capture efficiency drops to 
zero before sin^,/*l. This is due to the fact that all 
ions captured start off with a certain minimum amount 
of phase oscillation—since they start at a phase 
00 =^/2 which is different from 0,,. As 0,y—^/2 the 
range of phase stability decreases rapidly toward zero. 
Hence, ions start with a 0o which may be stable when 
the 0« for the ion is small at the start of the orbit— 
but then as 0« increases as the radius increases, the 0 
falls outside of the range of stability. This capture curve 
is compared with experimental data in Fig* 6. The 
scales have been expanded so that the curves become 
zero at the same abscissa. There is good agreement in 
the general shape of the curves, 

8, EFFICIENCY OR ACCEPTANCE TIME 

An expression for the efficiency is given in B-(9). 
With the changes in notation introduced in this paper 
and using (37) the efficiency, e, will be given now by 

Ao)« 1 Aa)« 

‘”(l/C)ldco./^* |d Wdr| w. 

,(££)■. . («) 

VirMc*/ I d ln«,/dr 1 

The optimum value of Lx(p)a^A9. At the start of 
acceleration |dlnw,/dr| =1.47 and so that 

<c-0.55[(^F/Mc*)]^, (45) 

If F-32 kv,e«0.0023. 

Some experimental data on the acceptance time is 
given in Fig. 7. This data was obtained by pulsing the 
arc for 2psec. and then measuring the ion current 
received on a probe at a radius of 75 in. The figure 
shows rite ion current received when the arc was 
pulsed at different times in the frequency modulation 
cycle. A reasonable explanation of this curve would 
seem to be the following. Ions are created at the time 
the arc is pulsed* These ions can persist in the central 
region of the machine for a certain length of time, 


possibly undergoing radial phase oscillations. If, during 
this persistence time, the accelerating frequency comes 
into the range for acceleration into stable orbits, a 
certain fraction will be accelerated. If not, the ions are 
presumably lost to the top or bottom of the tank. 
Hence, the maximum length of arc pulse which can 
create ions that can be accelerated into stable orbits 
will be the sum of the persistence time plus the time 
that the frequency is in the range for acceleration into 
stable orbits. This latter time is what has been called 
the ‘^acceptance** time in these papers. The data in 
Fig. 7 indicates a persistence time of about 60/tsec. 
(from /= 20 Msec, to /rr5i82/xsec.) and an acceptance 
time of about 40 jtiscc. (from /= 82 Msec, to /= 122 Msec.). 
The observed “efficiency** will be the ratio of the 
“acceptance time** to the length of the cycle—so in this 
case where the cycle is 1/80 of a second, €= (40 Msec.)/ 
(1/80 sec.) = 0.0032 which is in reasonable agreement 
with the efficiency computed above. [The integrated 
current comes out to be 1.05 Ma. This is also in fair 
agreement with the total current normally received.] 

9. EFFICIENCY AS A FUNCTION OF RATE OF 
FREQUENCY MODULATION 

The efficiency depends, as is indicated in (44), on 
the rate of frequency modulation during the first phase 
oscillation. It also depends on which ions caught in 
the first phase oscillation can be retained in stable 
orbits. The maximum frequency of the oscillator in the 
184-in. synchro-cyclotron under normal operation is 
12.61 megacycles (see Fig. 1). The frequency for 
catching deuterons is 11.47 megacycles for H*® 15,000 
gauss. Hence, the frequency is changing fairly rapidly 
in the first phase oscillation. By making an appropriate 
adjustment it was possible to have the maxmum 
frequency in the f-m cycle only 11.63 me so that the 
rate of frequency modulation was much slower during 
the first cycle. Hence, this factor would indicate a 
considerable increase in efficiency. The effect of this 



Fio. 9. Oscilloscope pictures. Radius 25 inches, 
34 inches, 45 inches. 
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Table II. OBdlloscope pattern data (dee voJta^e^l9 kv). 


Plate 

No. 

III 

Radius 

(inebes) 

Arc pulse 
duration 
0*aec.) 

c 

see."! 

* 

/I 

4isec. 

i\ 

Msec* 

Time of 
flight 
Msec. 

Msec. 

No. of 
pipe 

t% 

Msec. 

Tpf »p^ 

cetsional 

period 

Msec. 

n 

Msec. 

?•* 

phase 

period 

Msec. 

Inches 

48 


25 in. 

S 

92 

156 

192 

' 158 

36 

4 

12.0 

12.9 

— 

41 

3.9 

51 


34 in. 

5 

92 

235 

294 

256 

59 

7 

9,8 

9.5 

— 

47 

3.7 

54 


45 in. 

5 

92 

450 

535 

473 

85 

12 

7.7 

6.1 

45 

47 

2.8 

83 


25 in. 

50 

92 

112 

153 

158 

41 

4 

13.1 

12.9 


41 


80 


34 in. 

115 

92 

168 

239 

256 

71 

8 

10.1 

9.5 

41 

47 


88 


45 in. 

50 

119 

270 

350 

318 

80 

12 

7.2 

6.1 

47 

47 


70 


34 in. 

5 

52 

440 

536 

450 

96 

9 

12.5 

9.5 




73 


34 in. 

5 

:o8 

240 

310 

216 

70 

7 

12.0 

9.5 




76 


34 in. 

5 

140 

180 

205 

167 

25 

3 

n.s 

9.5 




64 

0.5 

34 in. 

5 

92 

250 

295 

*256 

45 

4 

10.2 

9.5 




66 

2.0 

34 m. 

5 

92 

250 

315 

256 

65 

7 

10.2 

9.5 




68 

4.5 

34 m. 

5 

92 

225 

325 

256 

100 

7 

10.3 

9.5 





change in ) d hua»/dr | is to start ions off with a small 
phase angle, and subsequently introduce a large 
change in it. But the function Liip) will be small for 
veiy small values of p(=sm0). Thus the gain from 
other factors will be offset to some extent. 

Data is not available to investigate thoroughly this 
effect. However, rough calculations indicate that the 
efficiency probably should be increased somewhat, say 
20 percent in one of the cases investigated. The experi¬ 
mental data gave values of increase in efficiency ranging 
from 0 percent to 17 percent. 

10. TANK PRESSURE 

The 184-in. cyclotron dee will not hold voltage if the 
pressure in the tank is much above 2X10“^ mm Hg. 
On the other hand the normal operating tank pressures 
are in the neighborhood of IX10"*^ mm Hg. Hence, 
it has not been possible because of this limited range 
to obtain much satisfactory experimental data on the 
variation of ion current with tank pressure. 


11. VERTICAL FOCUSING 

Electrostatic focusing in cyclotron^ has been con¬ 
sidered by Rose* and Wilson.^ It is due to the vertical 
components of the electric field near the dee gap. The 
formula derived by Rose is valid at larger radii, where 
the ion crosses the accelerating gap in a relatively short 
time. If the acceleration is averaged over one period of 
rotation, the mean acceleration is given by 



eVu?z 

-cos^. 

4ir(£^JEo) 


(46) 


This expression breaks down for £--jE(PiO, i,e., at 
small radii, since here the ion spends most or all of its 
time in the acceleratmg region. For very small radii 
we can assume that the ion is in an electrostatic field 
uniform in the median plane. If there are two dees or 


* M. E. Rom, Phya. Rev. S3,392 (1937). 

' R. R. Wiboa, Phys. Rev. », 408 (1937). 


a dee and a dummy dee so that the vertical component 
of the electrostatic field will be symmetrical about the 
center of the gap and zero at the center, an approximate 
formula for the electrostatic focusing in the central 
region is 

(iPz)^ er* 2 C 08 ^ 

dfi f ^ 8M UjWx* 

where x is measured in the median plane perpendicular 
to a center line between the dees. The derivative may 
be evaluated in two cases from the potential distribution 
given in Wilson’s paper. 

Now it has been pointed out before that the effective 
value of 0 near the beginning of the orbit is ^(ps^90®. 
Also, most of the ions that are caught have ^>0 at 
the start. Hence, ^>ir/2 in the early part of the acceler¬ 
ation and we can expect a defocusing electrostatic 
force for most of the ions with which we are concerned. 

A magnetic focusing force is the only force that can 
be used to counteract this defocusing force. The 
magnitude of the magnetic focusing force is given by 
(18). The value of n at the center is zero. Hence, to 
introduce magnetic focusing as rapidly as possible 
small cones of mild steel were put in the central part 
of the magnet on the pole faces. At first cones with 
base diameter 4 inches and inches high were used, 
later cones with base diameter 6 inches were used. 

With the cones in place the field is essentially con¬ 
stant to the 1-inch radius, then falls off about linearly 


Tabus III. Mazimuin width for ions to hit on probe 
(all distances in inches). 


r 

ATfr* 

w4r 

-1 in. 

Af 

•«J in. 

Ar 

i«5 in. 


At 

m\ in. 

Akas 

Ar 

-3 in. 

At 
»«S in. 

20 

1.56 

— 

0.10 in. 

0.13 in. 


— 

_ 


40 

0.33 

0.06 

0.12 

0.16 

1.1 

— 

0.23 

0,30 in. 

70 

0.12 

0.08 

0.14 

0.18 

0,4 

0.14 

0.23 

0J2 

81 

0.03 

0.06 

0.08 


0.1 

0.11 

0.16 





(47) 

pmfi, fvO 
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with radius; however with the cones removed the field 
is constant to the 8-inch radius, then falls off linearly. 
With these cones removed, the ion current received on 
an internal target at the 80-inch radius is approximately 
10 percent of the ion current obtainable with the cones 
in place. It, therefore, seems very desirable that such 
cones be used to produce vertical magnetic focusing at 
as small a radius as possible. 

12. OSCILLOSCOPE DATA 

It has been possible to examine the structure of the 
individual beam pulses that are received once each 
frequency modulation cycle, using a synchroscope and 
taking photographs of the oscil]oscop)e pattern. Time 
markers were superposed on the beam pattern to per¬ 
mit determination of time intervals. A schematic picture 
is given in Fig. 8—with the notation which is to be 
used below. Typical photographs are given in Fig. 9. 
Data obtained from such photographs are given in 
Table 11. 

The ions as they are accelerated oscillate in various 
fashions about a synchronous orbit of steadily increasing 
radius. The time it takes for the ions to reach the probe 
radius is called the “time of flight’\ The time of flight 
to any specified radius can be computed by determining 
when the oscillator frequency corresponds to the 
natural frequency of rotation at the specified radius. 
This computed time in all cases lies within or close to 
the limits A, /a. The cases where it lies outside the 
limits are understandable in terms of the arc being 
pulsed at a slightly too early time so that ions are not 
accelerated immediately but must stay for a short time 
in the central region of the machine before acceleration. 

The actual motion of the ions which affect these 
oscilloscope patterns can be broken down into three 
components. 

1. Expansion of the synchronous radius. 

2. Phase oscillations about this radius. 

3. Free radial oscillations about this radius. 

The most noticeable thing about the pictures is the 
series of small pulses that occur every 7-13 micro¬ 
seconds, depending on the radius. The separation time, 
4, of these pulses agrees well with the precessional 
period, Tpr (Eq. (18a)). This precessional period will 
be apparent only for ions which have a free radial 
oscillation. The fact that the ions strike the probe in 
bunches—not continuously—indicates that the azi¬ 
muthal angles at which the various ions have their 
maximum radial displacement are not distributed at 
random but are grouped together to a certain extent. 
Such a radial oscillation might be built up due to some 
sort of an azimuthal inhomogeneity at small radii 
where fcsd), by the dee bias used, etc. If «»0, wc can 
expect that the amplitude of such oscillations can be 
built up; for when n«0 displacements or forces acting 
at a certain azimuthal angle in the machine will be 
cumulative for successive revolutions; however, when 
f»>0, the azimuthal angle of maximum displacement 



Fig. 10, Width of beam on probe. 


will process around the machine so these successive 
displacements will come at different parts of the orbit 
and hence will not be cumulative. Some such condition 
appears to exist in this machine. The ions receive some 
radial displacement in a definite direction at the start 
of their acceleration so that the azimuthal angles of 
maximum displacement are pretty well bunched to¬ 
gether in the early part of the acceleration. Calculation 
indicates that such a bunching could persist for several 
phase oscillations. 

If the envelope of the small peaks is drawn, two 
broad peaks may be seen on some photographs. The 
time separation of these peaks, 4, agrees weU with the 
period of phase oscillation, Tph (see Eq. (13)). The fact 
that these are separated by the full period, T,*, must 
mean that ions that strike the probe in the early group 
have an amplitude of free radial oscillation which is 
about as large as or larger than the amount that the 
radius increases in a period of phase oscillation. 

It was also observed while making these oscilloscope 
pictures if the arc pulse was moved so that the arc was 
pulsed very late that these ions were received at the 
probe at a somewhat earlier time than the ions which 
start just before them. This effect probably is to be 
interpreted in the following manner. Ions that start 
late will have large phase oscillations. Hence, for most 
probe positions these late ions will be expected to 
strike the probe earlier than ions with smaller phase 
oscillations. 

13. WIDTH OF BEAM ON PROBE 

When the ions strike the probe, they will not be 
scraped off by the very edge of the probe, but will hit 
at various small distances in on the probe due to the 
combined effect of radial oscillation and precession. For 
radii where there are a large number of revolutions in a 
precessional period an approximate analytical formula 
can be obtamed to give ^e maximum width, h, in on 
the probe at which ions will strike, 

Amtt* A r {sin /#2 • sin2ir/(l —/) 

+cos/«2[cos2ir/(l-/)-l]} (48) 

where .4 r is the amplitude of free radial oscillation, 
/«(1—n)* and 


cos/8»« 1-AvMr. 


(49) 
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A maximum value of Afpr may be obtained using (19a) 
and an energy gain per turn AE^eV, the maximum 
possible mcrease in energy per turn. To get the distri¬ 
bution of the ions on the probe an energy gain per turn 
of AE^eV sin^, is more representative if the preces- 
sional period is a considerable fraction of the period of 
phase oscillation. (The relation (48) is valid only if 
Arpr/Ar<SC10 A first approximation to the solution of 
(48) indicates roughly the following dependence of 
/(max on W) A fj and as 

rAfpr)*. (SO) 

Values of hmw based on this formula for f=20 inches, 
40 inches and 70 inches and with both assumptions as 
to AjE (with F—40 kv) are given in Table III. The 
value of Ammx for r=81 inches was determined by a 
more detailed study of the orbits. 

Various experiments have been performed to deter¬ 
mine the distribution of the beam on the probe. In one 
experiment a lead probe was inserted into the beam at 
a radius of 81 inches. Thin slices also were taken off 
the leading edge of the probe and specific activity 
counts were made. The number of counts at various 
distances is shown in Fig. 10. The activity is almost all 
confined to A<0.16 i^ch—only about 5 percent of the 
measured activity shown on the curve having a greater 
h. The counts for A>0.20 inch can probably be at¬ 
tributed to ions which pass through the edge of the 
probe and then are scattered, or lose energy and precess 
with a large Ar. 

14. AMPLITUDE OF FREE RADIAL AND 
VERTICAL OSCILLATION 

A method of accurately determining the amplitudes 
of radial oscillation has not been found. There are 
various things which might give some indication of it. 
The radioautographs of the C shaped probes indicate 
an upper limit on it of maybe 5 inches. The oscilloscope 
data indicates that Ar may be of the order of 3 inches 
for a considerable fraction of the ions. The specific 
probe activity as a function of the distances from the 
leading edge seems to indicate somewhat the same 
thing. However, none of these data are very precise. 

The amplitude of vertical oscillation is somewhat 
easier to observe by making an analysis of the distribu¬ 
tion of activity on special probes, e.g., a grid of fine 
wires. Radioautographs of these wire probes indicate 
that the amplitude of vertical oscillation iaof the order 
of three-quarters of an inch, 

IS. DISPLACEMENT OF THE CENTER OF ROTATION 
OF THE IONS FROM THE CENTER 
OF THE MAGNET 

The position of the center of rotation was determined 
in two ways. The first method was based on magnetic 


field measurements. The vertical field strength was 
measured as a fimction of azimuthal angle for various 
radii. The field measurements could then be analyzed 
to give 

ff,(r, ^)«i?.(f)[l+E*i(r) C 08 (^+S,)]. (51) 

If we then let a be the displacement of the center of 
rotation, using only the first order harmonic, the value 
of a will be given by 

a^hi/n. (52) 

The direction of displacement is indicated by 5i which 
is found to be about 105® away from the probe position. 
The magnitude of the displacement is about 0.6 inch 
at f»^10 inches and increases to about 0.8 inch at 
f—60 inches. After 60 inches it increases somewhat due 
to the increase in Ai(f). However, as soon as n starts 
to increase rapid\y a drops and is about 0,2 inch from 
81 to 82 inches. 

This center was also determined by means of two 
extra non-current reading probes. The results of these 
measurements agree well with the results as calculated 
from the magnetic measurements. 

If the energy of the ions is going to be determined 
from the radius of rotation, this effect should be taken 
into account. 
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APPENDIX I. TYHCAL OPERATING CONDmONS 

1. The magnetic field is 15,000 gauss at the center of the gap. 

2. The dee voltage (average over the cycle) is 20 kv on the dee 
or a total maximum possible energy gain per turn of 40 kev. 

3. A d.c. bias voltage of 1 kv negative with respect to ground 
is applied to the dee. 

4. A dummy dee is used which is held at ground. 

5. The r-f is modulated 1(X) times per second. This is accom¬ 
plished by a variable capacitor wbic^ is rotated at 250 r.p.in. 
The capacitor has 24 teeth so that it then gives 250 * 24/60«» 100 
cycles per second. The total frequency range is from 12.6 to 9.0 
megacycles. 

6. The pressure in the main vacuum tank and in the rotating 
capacitor tank is about Iff** mm Hg. 

7. The arc voltage of 150 volts is applied for 100 microseconds 
during each r-f modulation cycle. The arc current during this 
100 Msec, pulse is about 20 amp. 

S. The time average beam current is about 1 mieioampere. 
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A Fxactioiial Microsecond X-Ray Pulse Generator for 
Studying High Explosive Phenommia 
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An x-ray ]>ulde generator capable oi producing abort burata of x-raya not greater than 3X10"^ seconds in 
duration baa been constructed. These short bursts are obtained by supplying a negative 50 kv, 12.5 Joule 
trigger pulse to the cathode shield of a standard Westinghouse W.L. 389 flash x-ray tube. This pulse gener¬ 
ates a pre-discharge plasma in the tube which blocks the main 100 kv, 290 Joule pulse until the cathode to 
anode gap impedance is lowered by ionbation. 

An arrangement is also described whereby 3 separate, successive radiographs of a single detonation may 
be taken at predetermined time intervals. 


INTRODUCTION 

T he value of short, intense pulses of x-rays for 
detonation studies has been generally accepted 
for the past eleven years. During that time several 
researchers have succeeded in reducing the pulse time 
duration from five microseconds to the present three- 
tenths microseconds.^”’. 

Each of these decreases in the pulse time duration 
greatly improved the definition of high speed objects 
as they appeared on radiographic plates until flash 
radiography advanced from the stage of an interesting 
but blurry curiosity to the well-defined, measurable 
recording technique of today. 

The immunity of flash radiography to smoke and 
flame has made it peculiarly adaptable to studies of 
projectiles within and emerging from the tubes of 
weapons, shell fragmentation and armor penetration, 
high explosive detonation, explosion produced shock 
waves in metals and shape charge phenomena.® A few 
commercial applications such as investigations in the 
fields of fuel consumption in combustion engines, par¬ 
ticle flow through tubes and studies of enclosed moving 
mechanical parts have been found, however, the major 
applications up to the present time have been military. 

It is not surprising, therefore, to find that some of the 
latest advances in the field of flash radiography have 
been made in and for government research organisa¬ 
tions. One of the most recent developments has been 
the discovery of a method for decreasing the x-ray pulse 
duration from a standard Westinghouse WX.389 tube. 
This is accomplished with an unusual triggering ar¬ 
rangement. 


»K, H. Kingdon and H. E. Tknis. Jr,, Phya. Rev. 58,128 (1938). 
*M. St^beck, Wiasenschaftlicne Vtroflentlichen aus den 
Siemens Wirken 17, 263 (1938), 

« W. J. Owteriimpf, Pidl4» Tech. Rev,, p. 22 (January 1940). 
* C M. Slack andl. F. Ehrke, J. App. Phya 12,165 (1940), 

A. Zuckerman, Comptea Rendui (U.S.S.R.), 3CL, No. 7, 

]^!sc^^rdin and E. Schuman in several Clerman reports. Office 
of Technical Intellla^ Report 1622,1627.1628. 

T. C Clark mI^DC 768. Los Alamos So, Lab., New Mexico. 
«X C. Clark. *Tlash ladkttraphy appHed to ordnance prob- 
teat” J, App. hyR », 3«n3<®). 


THEORETICAL BASIS FOR CIRCUIT DESIGN 

The design of the W.L.389 has been fully reported 
by Slack and Ehrke® but for the purpose of this discus¬ 
sion a sketch showing the electrode arrangement is 
shown in B^ig. 1. The characteristics of this tube may be 
used to best advantage when it is connected into a 
circuit whose design is based upon the fundamentals of 
high vacuum spark phenomena as described by Drs. 
van de Graaff and Trump.® 

They say in essence that when ‘*an electron, starting 
from the cathode and accelerated by the voltage be¬ 
tween the electrodes, impii\ges on the anode with the 
resultant possible emission of both a positive ion and 
photons, such positive ions and some photons return 
to the cathode and cause further electron emission. 
When the conditions are such that this interchange 
becomes cumulative, breakdown results.’’ 

It follows from the above statement, therefore, that 
if an abundant supply of electrons is introduced via 
the cathode shield into the tube before the main dis¬ 
charge occurs, these electrons will undergo the pre¬ 
liminary processes of the high vacuum breakdown until 
the ion-electron interchange becomes cumulative and 
the rapid deterioration of the over-all tube impedance 
induces the main discharge of the x-ray generating 
energy. It was decided to use condensers for storing 
the energy to be used in the trigger and main pulses, 
but the quantity of capacitor energy required by the 
WL389 for optimum performance was unknown. The 
magnitude of the required energy was partially gov¬ 
erned by the 100-kv tube voltage, which tests had 
proven to be suitable for radiographing high explosive 
phenomena. Various combinations of condensers having 
different capacitance values were tried with the tube. 
These tests revealed that optimum performance was 
obtained by supplying a 12.5 Joule trigger and 290 
Joule main discharge. The trigger was provided by a 
0.01 microfarad 100-kv capacitor while the m giti dis¬ 
charge was stored in a 0.058 microfarad 100 kv series 
combination. 


• R. J. van de Graafl and J. G. Trump, J. App. Fhys. 18, 327 
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Fio. 1. Diagram of WL 389 
tube showing arrangement of 
components. 

Note: C to 5 gap 0.5 mm 
C Cathode 
S Cathode Shield 

A Anode 

B Pyrcx 


CIRCUIT DESIGN 

A circuit has been constructed which fulfills the 
above requirements and consequently produces x-ray 
bursts of a few tenths of a microsecond in duration and 
of sufficient intensity to penetrate three-quarters of an 
inch of aluminum at 48 inches from the tube. Figure 2 
shows the two main loops of the circuit. Figure 2a is the 
complete circuit including the triggering and the dis- 
chai:ge loop while Fig. 2b shows the trigger loop alone. 
Looking first at Fig. 2a it can be seen that the two 
main storage condensers C: and €« are charged up to 
lOOkv (±50kv) while at the same time the trigger 
condenser Ci is charged to lOOkv (±50kv). The power 
for the charge is obtained from a Westinghouse Style 
S.l.M. 982052 power-rectifier supply. Because of shunt¬ 
ing resistor Ri, the cathode and cathode shield are 
equipotential during charging. The tube, therefore, 
remains inactive until this condition is changed by the 
generation of a high energy field in the gap. 

The initial stages of the breakdown are started by 
impressing a 12.5 Joule, — 50kv* pulse on the cathode 
shield of the tube. When it appears at the shield it 
creates a 105kv/cm field in the 0.5-mm cathode gap. 
At first a field emission spark occurs after which the 
high concentration of energy in the gap turns the spark 
into a high current arc. Samples of electrodes from used 
tubes show the fusing marks which were made at this 
stage of the discharge. This arc carries a copious supply 
of electrons which enter the cathode and tend to in¬ 
crease its temperature as well as its negative potential 
while at the same time it is decreasing the negative 
potential on the shield. This discharge generates a dense 
electron cloud or plasma in the vicinity of the cathode 
which temporarily blocks the mam discharge until 
sufficient preliminary ionization has occurred. It is this 
electron doud which is the key to high speed dis¬ 
charges in high vacuums. Its function is similar to that 

—50 kv with respect to the cathode, -100 kv with respect to 
the ground. 


of a pump primer. It stqqfiies the electionB which ate 
consumed in generating photons and podtive tungsten 
ions. These in turn p^ secondary electrons from the 
heated cathode. The secondary electrons produce mote 
photons and ions until the cumulative state is reached 
and the tube impedance rapidly approaches zero, 
causing the main discharge to ensue. 

Let us return for a moment to view the source of the 
negative 50kv trigger pulse. Figure 2b shows the trigger 
generating loop alone. The d.p.d.t switch is inserted 
merely to illustrate the operation of the triple sphere 
gap shown in Fig. 2a. The upward poution of the 
switch places the -f 50kv charge on the trigger con¬ 
denser Cl, while the downward position, which in 
reality occurs by sparking the gap with a 50 kv pulse 
transformer, throws the positively charged side of Ci to 
ground. This results in a rush of electrons up from 
ground toward the positively charged side of Ci, and in 
flowing through it generates a native — 50kv drop 
across it. This is the initial negative pulse which ap¬ 
pears at the cathode shield and triggers the tube. 

The network composed of Ct, Rt and Li is a low 
^-resonant net which changes the resonant frequency 
of the trigger gap from 2 megacycles to 150 kiloc3rcles. 
This net is necessary for preventing repeated triggering 
resulting from certain resonant characteristics in the 
trigger loop. The successive Hashes which accompany 
repeated triggering cause undesirable repeated exposure 
of a single film. The function of the net is to shunt the 
gap with a low (^-resonant circuit having a long cyclical 
period, thereby delaying trigger repetition until the 
main discharge is completed. It was necessary to resort 
to this technique rather than the usual series resistive 
damping since any series resistance in the discharge 
loop would diminish the rise time and the energy of the 
trigger pulse. 

Fractional microsecond discharges are not dependent 
upon preliminary ionization alone. A second factor is 
also important. This factor, the circuit impedance, is 
controlled by the internal characteristics of the circuit 
components, as weU as the length of the discharge loop. 



Fio, 2a. 










Ftc, 2b. 







Fig. 3a. Tenth microsecond x>ray pulse generator^ right side. 


Fig. 3b. Tenth microsecond x-ray pulse generator^ left side. 


In our case we obtamed storage condensers having the 
lowest internal inductance commercially available. 
These condensers were Solar type QPX tubulars having 
0.3 microhenries. They were mounted as shown in Fig. 3 
to give the shortest possible connections, which proved 
to be about 10 inches from the condensers to the ex¬ 
tremities of the tube. This unit, embodying the circuit 
as described, is currently in use for making fractional 
microsecond detonation studies. 

Figures 4, 5, and 6 show a series of three radiographs 
of a collapsing copper liner inside the cavity of a 
“shape charge.'^ In these pictures, the charge was 
initiated from the left, causing the liners to collapse and 
form jets in a manner whose technical aspects are fuDy 
described in a recent paper by Drs. Birkhoff, Mac- 
Dougall, Pugh, and Taylor.^® Much interesting detail 
is visible in these pictures which has heretofore been 
obscured by blur. 

FLASH TIMB MEASURBMBNTS 

Two methods for measuring the effective duration of 
the x-ray bursts have been devised. “ In one method an 
explosive stick having a known detonation velocity had 
a 0.002 inch thick by in. wide layer of lead foil 
cemented to its surface. The stick was detonated and 
radiographed before the detonation wave reached the 
end. This procedure yielded a picture of the lead foil 
being ejected at a measurable angle by the visible 
detonation front from the surface of the explosive. 
Figure 7a shows a i-in. diameter by 4-in. long cylinder 
of pentolite whose detonation velocity is 7.46 milli¬ 
meters per microsecond. The detonation front marked 
by the dark vertical shadow in the stick is moving 
from left to right down the stick pealing off the lead 
foil. The sharpness of the angle made by the foil with 
the surface of the stick and the degree of blurring of the 
foil near the stick is an indication of the effective dura¬ 
tion of the x-ray Bash. In this case it appeared to be 
about 0.2 microseconds. Figure 7b is a radiograph-of a 

** Birkhoff, MacDoiigaU, Pugh, and Taylor, J. ^p. Phyt. 19, 

^ ^ reference p. 364. 


similar explosive charge taken with a flash of about 1.5 
microseconds duration. Much blurring is visible and the 
detonation front is completely obscured. 

In the second method used, a photo-multiplier radia¬ 
tion detector'® whose excitation was dependent upon the 
scintillations of a dyphenylacetylene crystal'® was con¬ 
nected through a cathode follower to the vertical amplifier 
on a # 280 Dumont oscilloscope. The circuits used to syn¬ 
chronize the start of the high speed oscillographic time 
base with the flash of the x-ray tube are printed in a de¬ 
classified AEC report'^ under the titles of “Neon tube 
trigger circuit” and “final photo-tube diagram.” Our 
complete timing and synchronizing arrangement consisted 
of a photo-multiplier chassis similar to that reported by 
Fitz Hugh Marshall'® except that a dyphenylacetylene 
crystal was substituted for his tungstate screen, a lOK 
anode resistor was substituted for his 1 meg. resistor 
in the 931A photo-multiplier in order to bring its 
resolution time constant down to 4X10“® second, and a 
single cathode follower with high frequency response 
replaced his amplifier and cathode follower combina¬ 
tion. Figure 8 shows the modified circuit, and Fig. 9 
illustrates the arrangement of the components. The 



Fig. 4. 68 degree copper cone showing deformation 5 
microseconds after detonation wave mt the vertex. 


^Marfludl, Coltman, and Hunter, Bev. Sci. Inst, 18, 504 
(1947). 

“ W, J, KcNdd, Johns Hemkins University, Baltimore, Maryland. 
Align and Hndton, MDDC 447, Oak lUdge, Tennessee. 
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Fig. 5. 68 degree copper cone showing deformation 9.2 
microseconds after detonation wave hit vertex. 



Fig. 6. 6$ degree copper cone showing deformation 14.2 micro¬ 
seconds after detonation wave hit vertex. Collapse velocity in all 
three pictures approximately 1850 meters per second. 



Fio. 7a. Pentolite cylinder showing sharp definition of foil strip 
and detonation wave. Taken with lOr^ second exposure. 



Fig. 7b. Pentolite stick showing blur and repeated exposure. 

Taken with second osdilatory flash. 

synchronizing and recording circuits were placed in a 
room apart from the x-ray equipment and all cables 
were double shielded coax with an outer sheathing of 
lead on those cables in the vicinity of the x-ray equip¬ 
ment, TJie photo multiplier and crystal were placed 41 
inches from the x-ray tube and a 0.048 inch lead filter 
was placed between the crystal and the x-ray tube. The 


filter was necessaty to prevail the high energy 
in the burst from penetrating the crystal and hktdiieg 
the photo-tube response. In addition to the filtaing, 
it was also necessary to defocus the final dynode by 
means of the potentiometer shown in Fig. 8. Before these 
precautions were taken, the photo-mult4>liflr noise was 
enhanced to such an extent as to obscure the signal 
produced by the main pulse. Figure 10 shows a picture 
of one of the mtmy pulses recorded. The time markers 
are a 5 megacycle sine wave. The pulse rise time is 
about 0.05 liS, while the decay time is thought to be 
about 0.4 

Since the decay time of this crystal has not yet been 
ascertained, this cannot be considered a conclusive 
method of measuring the duration of the x-ray burst. 
It does, however, offer evidence as to the maximum 
possible time duration of the burst and a reliable means 
of recording its start. 

THREE SUCCESSIVE RADIOGRAPHS 

In the past, the inability to obtain more than a single 
radiograph of a single sample of high explosive was one 
of the greatest weaknesses of ffash x-ray analysis. This 
shortcoming was a result of the inability to move or 
change the film quickly enough after each ffash rather 
than to the difficulty of producing a series of flashes 
through a single tube. 

The film and x-ray tubes and design of the blast 
chamber as shown in Fig. 11 permit the use of three 



Fio. 8. Photo-multiplier and cathode follower circuit. 



Fto. 9. Block dh^am of pulse measuring equipment 
and x-ray pulse generator. 
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Fio, 10. Photo-multiplier pulse generated by x-ray Eash on crystal 
detector. 5 megacycle time markers. 


separate films for three separate exposures of a single 
detonating charge. A lead diaphragm containing a 
1,25 centimeter hole is placed between each x-ray tube 
and the port hole in the blast chamber wall. This allows 
a small cone of x-rays from each tube to pass into the 
blast chamber and expose only the film in its path. It 
is only necessary, therefore, to set a sequence timer at 
predetermined intervals, press the trigger button and 



Blast chamber 
ia"xio"xi3" 


36'' reinforced conerrte 
detached from bldg. In • 
•aucer filled with sand 


X —r—X-ray 
P —Pulser 
B.C. —Blasting cap 
S.T. —Sequence timer 


Fio. 11, Blast chamber design and x-ray equipment arrangement 
as used for successive radiographs of high explosives. 


start the four pulses which fire the high explosive 
charge and then tri^er each one of the three x-ray 
units in their turn, thus obtaining three successive 
radiographs on separate films of the same sample at 
pre-set time intervals. 
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An Air Ionization Chamber for Soft X-Rays’^ 

Herman £. Seemann 
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An ionization chamber is described which is nearly air-equivalent from 0.5 to 2.5A, ^^efiective wave¬ 
length.” It has been made adaptable for use with the electrometer and charging system of the Victoreen 
Minometer. Its sensitivity is of the order of 0.15 roentgen per scale division. Suggestions are made for 
possible improvements. 

I N the course of an experimental study of the spectral 
senutivity of x-ray films it became apparent that 
measurements of the intensity of the x-ray beam could 
not be made conveniently with commercially available 
instruments. At the longest wave-length used, 2.3A, 
the wall absorption of thimble chambers was too high. 

On the other hand, sensitive thin-wailed chambers were 
so large as to prasent the geometrical problem of ac¬ 
curately measuring a beam, the cross section of which 
was small compared with the dimensions of the cham¬ 
ber, as well as the mechanical difikulty of properly 
placing sudi units near (he x-ray source. 

The schematic diagram of Fig. 1 will help to visualize 
the conditions to be satisfied. Filtered fluorescent x-rays 
ivere used to expose the film. Because of their low in¬ 
tensity, the fluorescent radiators had to be as dose as 
ptnetkahie to the film and the radiating area had to be 

*<pna«nakatloa No. 1270 from the Kodsk Keuarch Lsbora- 
toiiea' " 


as large as possible. The result of efforts in these direc¬ 
tions was that the center of the radiating area was about 
6 cm from the film and, as viewed from the film location, 
appeared as a radiating circular disk about 2 cm in 
diameter. Thus, a quite divergent beam was incident 
on the film and allowance had to be made for this in the 
chamber design. 

Since considerable work has been done on the design 
of both the standard air ionization chamber* and in¬ 
struments intended for routine measurements in in¬ 
ternational roentgens, it seemed reasonable to proceed 
with the construction of a suitable chamber for this 
work. In order to meet the special requirements of our 
problem, compromises had to be made with well- 
established principles, but it was obvious that only by 
testing the finished mstrument would it be known 


' II. S. Taylor and G. Singer, Bur. Stand. J. Research S (RP 211), 
SQ7 (1930). L. S. Taylor and C. F. Stonebumer, Bur. Stand. L 
Research » (RP m 7<S9 (1932). 
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Fig. 1. Diagram showing conditions to be met by the ionization 
chamber described. The instrument was designed to measure 
divergent x-rays in the plane of the him. 

whether we had gone too far. In other words, it ap¬ 
peared likely that we could arrive more quickly at a 
satisfactory solution by constructing an instrument and 
testing it ttian by setting up the apparatus necessary to 
study the exact limitations of each principle involved in 
the design. 

It was decided at the outset to try to adapt the 
ionization chamber for use with some commercially 
available electrometer and charging system. This part 
of the Victoreen Minometer* was chosen, since it is a 
simple and sufficiently accurate system. All that was 
necessary was to remove the insulated electrode and 
sleeve from the 0.01-roentgen chamber of a Minomcter 
and build it as an integral part of the special chamber. 
Thus, the new chamber could be charged and its dis¬ 
charge read, using the Minomcter in the way it is 
normally used with the chambers furnished by the 
manufacturer. 

In the course of tests to determine the characteristics 
of this type of chamber, two chambers were built. 
The second and larger is shown in section in Fig. 2 and 
a photograph of it in the charging position in Fig. 3. 
The lead entrance diaphragm limits the x-ray beam to a 
diameter of 0.8 cm. The windows and electrode were 
made of Kodapak I,** 0.0022 cm thick, and were 
painted with India ink to render them conducting 
(see Notes on Construction), It will be noted that the 
metal ring of the electrode and the emergence window 
are both of large cUameter to allow for the great di¬ 
vergence of the x-ray beam, as indicated in Fig. 1. 
Kodapak coated with India ink represents the culmina¬ 
tion of tests to find a suitable conducting window ma¬ 
terial of approximate air-equivalence. One material 
which was tried out and may still have some applica¬ 
tions in air ionization chambers is a fine silk netting, 
Silk Illusion No. 508, which was obtained from the 
David Dubin Company, New York. This material was 


■ Made by the Victoreen Instrument Company, 5806 Hough 
Avenue. Cleveland, Ohio, 

** Kodapak I is a wrapping material made by the Eastman 
Kodak Company. It consists of cellulose acetate and a plastidacr. 



Fig. 2. The larger of the two ionization chambers, shown in section. 


Sprayed with a suspension of Aquadag® in water after 
mounting. The water shrank the netting and, when dry, 
the netting was under sufficient tension to prevent 
sagging even under conditions of high humidity. Un¬ 
coated Silk Illusion No. 508 has a mass of 0.63X10^ 
g/cm* (compared with 3,2X10^ g/cm* for the uncoated 
Kodapak) and, since* it consisted mostly of holes (!), it 
appieared to be a very desirable material from the stand¬ 
point of x-ray absorption and approximate air-equiva¬ 
lence, There were about six openings per centimeter. 
(Quimby* and her co-workers constructed a chamber 
using fine silk net impregnated with India ink.) Erratic 
readings were obtained when this netting was used and 
the evidence suggested that air currents prevented the 
collecting of ions at a constant rate, since no such 
trouble was experienced when both windows were 
closed with Kodapak. 

Another serious difficulty arose from recording a 
very soft radiation emitted by the edge of the front en¬ 
trance diaphragm which was, of course, almost com¬ 
pletely transmitted by the netting. For experimental 
tests of this condition, an auxiliary limiting diaphragm 
was set up m front of the chamber and readings were 
taken at various separations and for 40- and 90-kvp 
x-rays emitted by a tungsten target tube. 

Since the secondary radiation from the diaphragm 
was negligible at a large separation (inverse-square law), 
this procedure enabled us to distmguish between ioniza¬ 
tion originating in the air volume proper and that caused 
by the diaphragm. At 90 kv, the effect was much greats 
than at 40 kv and accounted for more than one-half the 
total radiation recorded by the instrument! 

Tests at these two kilovoltages gave further support 
to the idea that emission from the edge of the lead 
diaphragm was responsible, since secondary effects in¬ 
crease rapidly with kilovoltage. One layer of Kodapak 
attached to the emergence side of the diaphragm re¬ 
duced the effect to about six percent, but an additional 
layer made no further change* It seemed reasonable to 
conclude that the emission from the lead diaphragm 


^ diipcrsioa of graphite in water, made by Achem 

Colloids Corporation, Port Huron, Michigan. 

- * Q^by, Lucas, Araeson, and MacComb, Radiology 2S, 743 
a934). Improyraeats are Indicated In a later paper, S* H. 
Quunby and K F, Focht, Am. J. Roentgenol (t9«)* 
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consisted mostly of photo-electrons with probably a 
small amount of characteristic and scattered x-rays. Al¬ 
though the total energy of these photo-electrons must 
have been very small compared with the energy in the 
x-ray beam, they are so much more strongly absorbed 
in air that their ionizing effect was comparable to that 
of the entering x-rays. 

The obvious way to get rid of effects from the limiting 
diaphragm is to mount it on the end of a tube extending 
a short distance in front of the chamber,*^ This ar¬ 
rangement could not be used for our experiments, how¬ 
ever, because of the divergence of the x-ray beam, as 
shown in Fig. 1. For uses where the x-rays are more or 
less collimated, a projecting diaphragm should be at¬ 
tached and conducting silk netting might then be found 
satisfactory over the entrance to the chamber proper 
and on the electrode, but the large emergence window 
should be covered with Kodapak to stop air currents. 
If a chamber of this design were constructed for use 
with collimated x-rays, a projecting diaphragm and the 
use of netting should make its spectral response more 
nearly like that of the standard air chamber. 

This chamber is much more sensitive to radiation 
coming from the rear than to that incident on the front, 
simply because the rear diaphragm is so much larger 
than the entrance diaphragm. Therefore, in actual use, 
precautions should be taken against back-scattered 
radiation, since its intensity will be exaggerated. 

SATURATION 

One of the first considerations in the design of an 
ionization chamber is to make sure that saturation 
conditions prevail for the ionized region and for the 
radiation intensities to be measured. Tests of the 
National Bureau of Standards chamber^ indicate that 
a minimum field strength of about 60 v/cm is required. 
Tests of the electrometer of the Victoreen Minomcter 
showed that, when fully charged, the potential differ¬ 
ence was 153 V and when the fiber was at the end of the 
scale it was 112.5 v. The relation between scale read¬ 
ings and voltage was accurately linear. By using a very 
steady source of x-rays, it was then possible to test for 
saturation, since scale readings (i.c., potential) shoidd be 
directly proportional to the time of exposure. Actually, the 
readings showed a slight falling off from strict propor¬ 
tionality, the difference being just detectable at the 
middle of the scale and increasing to five to seven per¬ 
cent at full scale. This was interpreted as indicating a 
lack of saturation. The smaller chamber (see Fig. 3) was 
the first one built, and the distance from electrode to 


This distance need not be «eat, since the mass of a square 
centimeter of the Kodapak was 3.2X 10^ % and thus was equiva¬ 
lent in electron absorpUoa to the same mass per square centimeter 
of air. The corresponding distance through air is about 2.7 cm. 
The minimum distance between the diaphra^ and the elective 
ionised vohune in the National Bureau of Standards soft x-ray 
duunber is about 5 cm and thus utilises air absorption and the 
inverse-square law to get rid of secondary radiations from the 
diaphragm. 


windows was about 1.2 cm and the inside diameter of 
the case was 4.3 cm. Even with fillers in the corners, 
the apparent lack of saturation persisted and it was 
concluded that the ‘'fringing*' of the electric field be¬ 
tween the electrode and the case might still be sufficient * 
to give an intensity well below 60 v/cm in the ionized 
region, particularly near the discharge end of the scale. 
This difficulty was the primary consideration leading 
to the construction of the larger chamber, the dimen¬ 
sions of which were made decidedly more favorable for 
saturation, but the lack of proportionality in the scale 
readings still persisted. Since the electrode-to-window 
spacing was now about 1 cm, the field strength would 
be 76 v/cm (ideally) at the discharge end of the scale or 
somewhat more than necessary for saturation. (Tests 
had shown that a full-scale reading on the electrometer 
was given by a potential of 76 v on the ionization cham¬ 
ber, The corresponding value for the small chamber was 
67 V.) The lack of proportionality between scale read¬ 
ings and time of exposure seemed to be independent of 
the radiation quality, and this was surprising since 
there should be more ionization extending into the 
weaker parts of the field with hard radiations, because 
of the greater range of the photo-electrons. However, in 
view of the difficulty of detecting changes in an error^ 
especially for an instrument with only ten scale divi¬ 
sions, some radiation quality effect may yet be found. 
The normal procedure for use of the Victoreen 
Minometer consists in charging the chamber, indicated 
by the reading of “0" on the scale, then removing the 
chamber to expose it to x-rays, and finally reconnecting 
it to the electrometer and noting the scale reading. Thus, 
when the electrometer and the partially discharged 
ionization chamber are connected, they may be con¬ 
sidered as two capacitances, C, and C,*, at potentials, 
F, and F», respectively, which share their charges, 
resulting in a final potential of F for the system. The 



Fig. 3. Both ioifixation chambers, with the larger in the charging 
or reading position on the Minometer ^troxneter. 
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Qmt lost from the chamber by x-ray ionization, 
ia CiiVs^Vi). The position of the electrometer fiber 
indicates a potential change, 7, and, since this can 
beproved equal to CC,(7*— F»')]/CC,-+C the readings 
are proportional to the charge lost by ionization. It is 
Urn true that 0*"(CrhC,)(7,“7). Therefore, the 
mstniment can be calibrated to read in roentgens. Since 
the principle of operation of the Minometer is on a sound 
bas^ the need for a scale correction must arise from a 
lack of saturation. 

CALIBRATION 

Both the small and the large chambers were cali¬ 
brated against the large standard chamber at the 
National Bureau of Standards. The standard chamber 
for low voltage x-rays was not available at the time so 
that a correction was applied to the readings of the 
large standard to allow for the air absorption between 
its diaphragm and its measured volume. The scale cor¬ 
rection previously discussed was applied to readings 
of the Minometer and the calibration was expressed for 
a temperature of 22°C and a barometric pressure of 
760 mm of mercury. Results are shown in Fig, 4. There 
may be some difference of opinion on the best unit for 
the abscissa acale. However, since continuous-spectrum 
x-rays were used and the filtration was increased with 
the kilovoltage, there is no truly adequate designation 
for the wave-length scale. In the lower kilovoltage 
range, no filter was used and the “effective wave¬ 
length’^ was taken to be 1.5 Xo, since the wave-length of 
maximum energy, Xm, is about SO percent greater than 
the short wave-length limit, Xo. The effective wave¬ 
lengths, Xeff, for filtered rays were obtained from the 
slopes of their absorption curves in aluminum at the 
aluminum thicknesses used. Table I is a summary of 
the conditions used. The uniformity of response of 


both chambers is fairly satisfactory between 0.4 and 
2.5A and they have quite similar characteristics. If 
this region were represented by a straight line parallel 
to the wave-length axis, no datum point would miss it 
by more than four percent. There is a sli^t loss in 
sensitivity in gomg toward longer wave-lengths, prob¬ 
ably caused by the increasing absorption of the window 
and the electrode. The rapid increase in sensitivity at 
less than 0.5A may be caused by fluorescent and scat¬ 
tered x-rays from the edge of the lead diaphragm. (The 
K fluorescence of lead is excited at 87.6 kv and the 
point at Xef(®»0.36A was obtained with filtered 90-kv 
radiation.) Because of the increasing range of photo- 
electrons with decreasing wave-length, the walls of the 
chambers may be limiting the air ionization at the same 
time that lead fluorescence is increasing it, the latter 
perhaps becoming the greater factor. 

Another factor, which we did not consider, is the 
possible influence of photo-electrons from the inside 
walls of the chamber. These would be excited by the 
x-rays scattered from the electrode and the air volume 
when the wave-length is short enough. The chamber 
might be used at shorter wave-lengths than originally 
intended if a cellulose layer or one of thin aluminum 
were used as a lining to absorb photo-electrons from the 
lead. Experiments reported by Hase and Kiistner,* but 
not noted until this work was completed, show a con¬ 
siderable effect depending upon the wall material and 
suggest the possibility of compensating for the inaease 
due to photoelectric ionization by a suitable restriction 
of the chamber volume. Certainly this idea has enough 
merit to justify further experimentation. The use of 
fairly homogeneous x-rays, such as the filtered K 
fluorescence of some of the elements, for calibrating 
experimental chambers would be of considerable ad¬ 
vantage, since departures from air-equivalence would 



Effeetivt Wevtitfiath (A) 


__ ^ Calibration curves for the iomsation chambers. FuH scale of the instrument is* ten divlsSons. 

•H. Hase ami H. Kttetncr, Phyi^. Zrits. S?, 73^ 
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be better '‘resolved” than with the filtered continuous 
spectrum and, therefore, indicate the cause more 
definitely. There are obvious difficulties, of course, but 
they might be overcome. 

HOTBS ON CONSTRUCTION 

The Kodapak membranes were cemented to their 
metal supports with cellulose cement. Duco Household 
Cement or the cements used in the construction of 
model airplanes would probably serve just as well. 
A thin coating was first applied to the metal, which was 
then placed on a sheet of Kodapak lying on a j9at metal 
surface. The sheet was held flat by weights but was 
under practically no tension. 

Attempts to apply Aquadag or India ink by spraying 
were unsuccessful because the carbon tended to pile 
up in small “i^nds.” The addition of wetting agents 
niade little improvement. It was found that a coating 
of India ink which appeared to be contmuous could be 
applied with a wad of cotton and was reasonably 
uniform. Dilution <A the India ink with water in about 
1:1 ratio was an aid in avoiding too thick a coating. 
Sufficient conductivity is obtained with very little 
carbon—a layer which obviously transmits some light 
is quite adequate. 

Kodapak does not absorb much moisture but the 
coating of ink made it wrinkle. When dried, it was 
nnooth and under appreciable tension. It remained 
&t during all but the most humid summer days, re¬ 
turning to flatness when the humidity dropped. 

Since the use of fine netting, such as Silk Illusion 
No. 508, may be better in certain applications, some of 
its properties will be mentioned. It is very readily 
wetted by water and spraying with a water suspension 
of Aquadag was entirely successful. It expands when 
wet but shrinks to a good tension when dry. Spraying 
with an artist’s air-brush is a convenient way to apply 
Aquadag but, because of the fineness of the netting 
fibers, estimation of the degree of coverage is difficult. 
If a sheet of white cardboard is placed behind the gauze 
during q>raying, the rate of blackening will give some 
Ind i>AtIftn of the coating on the fibers. So little graphite 
is required for adequate conductivity that a good 
gray on the cardboard is sufficient. 

It may be noted that a possible objection to the use 
of conducting netting is that it does not limit the elec¬ 
tric field, as does a contmuous conductor, but gives it a 
kind of tufted boundary. During discharge of the sys¬ 
tem, tbmfore, a small change takes {fiace in the 


Table 1. 


Bureau of Standards conditloufl and results 
Alumi- Roentgen# Roentgen# 

num per s^e per scale 

filter, division, division. 

Kilo- centi- large small 

volt#* meters chamber** chamber** 

**Wave-Iengtbs*' 

Xs Xm X#(f 

ang> ung- ang* 

Strom# Strom# stroms 

7.5 

0 

0.1596 

0.1242 

1.65 

2.47 


10.0 

0 

0.1565 

0.1208 

1.23 

1.85 


12.5 

0 

0.1532 

0.1188 

0.99 

1.48 


15.0 

0 

0.1545 

0.1201 

0.82 

1.23 


20.0 

0 

0.1515 

0.1196 

0.62 

0.92 


30.0 

0.05 

0.1574 

0.1276 

0.41 


0.83 

45.0 

0.05 

0.1584 

0.1245 

0.274 


0.79 

60.0 

0.20 

0.1580 

0.1255 

0.206 


0.49 

90.0 

0.40 

0.1419 

0.1182 

0.137 


0J6 

120.0 

0.60 

0.1209 

0.1011 

0.103 


0.29 


* Electrically filtered to give constant potential. Tungsten target tube 
with L5-mm beryllluin window. 

•• The scale factor is believed to be in error by not more than db2 percent. 


effective ionized volume because the boundary where 
satitraHon fidd strength exists moves. This effect might 
be negligible for the chambers described here and for 
fine netting, but could be large for the case of a tda- 
tively thin chamber, in which the netting forms a large 
proportion of the boundary of the ionized volume. A 
scale correction could be determined in the manner sug¬ 
gested for the saturation correction. 

The limiting diaphragm fits in guides and may be 
removed for insertion of other diaphragms (see Fig. 3). 
We have had no occasion to use more than one size. 

The collector electrode consists of two thin metal 
rings with rounded edges, between which the Kodapak 
was cemented. A bole drilled in the ring permits it to 
be held by a small screw in a jaw filed into the end of 
the electrode stem. A locknut on the electrode stem is 
tightened so as to hold the electrode ring parallel to the 
chamber windows. This locknut is the knurled ring 
shown in Fig. 3. 

The lead lining of the cylindrical part of the chamber 
is spot-soldered to the brass at a few points. The front 
lead plate rests against this lining and is held in place 
by three setscrews bearing against it through the brass 
wall. Similarly, the rear window frame of brass bears 
against the lead lining and is held by setscrews. 
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Art irtstrument is described for measuring x-ray back reflection patterns for surface stress deternunations. 
The chief feature of the apparatus is a curved slit in the optical system so that the beam of light which scans 
the diffraction ring is an arc having the same radius of curvature as the ring. This simple, inexpensive instru¬ 
ment has been found to be at least as precise as a microphotometer for these measurements and its use has 
resulted in a considerable saving of time. It is suggested that the instrument might appropriately be called a 
photomicrometer. 


L INTRODUCTION 

N the determination of surface stress in metals by 
means of x-ray diffraction, the diffraction angle 
must be measured very accurately in order to achieve 
reasonable precision in the stress values. The technique 
used at the National Bureau of Standards for making 
these determinations was described in a previous pub¬ 
lication.* Since the publication of this report, an instru¬ 
ment for measuring the diffraction patterns has been 
developed which has several advantages over the com¬ 
mercial microphotometer used previously. 

The primary difficulty encountered in the x-ray 
measurement of stress or strain in metals is the lack 
of sensitivity. The diffraction angle is determined by 
measurement of two legs of a right triangle, R and 5, 
where i! is the radius of the diffraction ring on the 
film and 5 is the specimen-to-film distance. The lack 
of sensitivity is due to the small change in diameter of 
the diffraction ring (with change in stress) combined 
with the diffuseness of the ring itself. With a steel 
specimen, for example, the width of the ring (at a 
apecimen-to-film distance of 60 mm) at half-maximum 
intensity is about 1 mm; a change in radius of 1 mm 
(even at the position of maximum sensitivity relative to 
the applied stress) represents a stress change of more 
than 60,000 psi. This condition is improved somewhat 



Fio. 1. Typical film used in siu-face stress determination. The 
calibraUng ring is formed by exposure to the direct x-ray beam, 
the inside diameter being the shadow of a brass disk of known 
diameter. 


* J. A. Bennett and H. C, Vacher, ^^Calibration of the x-ray 
measurement of strain,” J. Research Nat. Bur. of Stand. 40, 285 


by making two patterns, one with the beam normal 
to the surface of the specimen and the other with the 
beam incident at 45®, but the need for accurate measure¬ 
ment of the ring radius is still apparent. 

Many investigators have measured the patterns 
visually, using a vernier film scale to obtain readings 
to 0.1 mm. In pitliminary experiments with this 
method of measurement it was found that the readings 
could not be duplicated within 0.1 or 0.2 mm. For this 
reason, until recently, the measurements were made on a 
Knorr-Albers recording microphotometer. All of the 
data reported in reference 1 were obtained using this 
instrument, and it is doubtful that much more precise 
data could have been obtained from these patterns. 
However the use of this instrument had two disad¬ 
vantages; the first was that the microphotometer, as its 
name indicates, scanned only a narrow sector of the 
ring. This scanning resulted in a jagged record on the 
chart, probably because of the graininess of the photo¬ 
graphic emulsion. It is more difficult to determine the 
location of the maximum on such an irregular curve 
than it would be on a smooth curve. The second dis¬ 
advantage in the use of the microphotometer was the 
time required to obtain measurements. 

The instrument described in this paper was designed 
with a view to eliminating the above disadvantages 
without decreasing the accuracy obtained with the 
microphotometer. The method of making measurements 
of the diffraction angle (described more fully in reference 
1) involves measuring the specimen-to-film distance, 
recording a calibrating ring of known inside diameter 
concentric with the diffraction ring (Fig, 1) and measur¬ 
ing the distance between the diffraction ring and the 
edge of the calibrating ring. It is this latter measure¬ 
ment which is made with the apparatus being described. 

n. DESCRIPTION OF THE INSTRUMENT 

A line sketch of the chief parts of the instrument is 
shown in Fig. 2. It consists essentially of a light source, 
slit, lens, film carrier, measuring and comp)ensating 
photo^eUs. The )>art8 of the optical system are mounted 
in a standard 2-in. X 2-in, slide projector in whidi the 
lens has been replaced by a 24-nun microscope objec¬ 
tive. The slit is mounted in the slide carrier and the 
unage of the slit is focused on the film with a reduction 
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of five to one. This type of optical system has been 
used frequently in densitometers, for example, that 
described by Milligan.* 

In order to utilize all of the exposed portion of the 
diffraction ring in determining its dimensions, the scan¬ 
ning spot of light must have nearly the same radius of 
curvature as the ring. It is possible to satisfy this con¬ 
dition using only one slit because all of the patterns 
taken in the course of stress measurements on a par¬ 
ticular specimen are exposed with nearly the same 
specimen-to-film distance, and the variation of ring 
diameter with stress is small. For the conditions of 
measurement, that is steel specimens, cobalt iiTa-radia- 
lion, and film-to-specimen distance of 60 mm, the ring 
radius always approximates 20 mm. The curvature of 
the slit was chosen to give a reduced image on the film 
having a radius of 20 mm and an arc length of 15®. This 
length was chosen because in the technique used, read¬ 
ings were taken at 30® intervals around the ring and 
the amplitude of film oscillation was 7^°. Thus by 
scanning a IS® arc, all of the reflections have some effect 
on the result, but there is no overlapping between 
adjacent readings. 

After passing through the film, the light is received 
on a barrier layer photo-cell. This cell is connected in 
the circuit shown in Fig. 3; the compensating cell 
receives its light directly from the bulb through a small 
hole in the top of the lamp housing. The amount of light 
reaching the compensating cell may be varied by rotat¬ 
ing the adjusting screen (made from a piece of window 
screen of the sun-deflecting type) in front of the cell. 
All parts of the optical paths are covered with light 
shields to eliminate the effects of extraneous light. 

The galvanometer has both a pointer and a light 
beam index, the latter having twelve times the sensi¬ 
tivity of the former. The galvanometer characteristics 
are as follows: 

Coil resistance—1000 ohms; 

Sensitivity—0,014 poi/mm; 

Period—2.1 seconds; 

External critical damping resisUnce—3200 ohms. 

The resistance of 2000 ohms across the galvanometer 
gives a slightly over-damped condition which provides 
the most convenient operation. 

The film carriage consists of the film holder described 
in reference 1 mounted on a cross slide moved by a 
rack and pinion. The knob shown at the left in Fig. 2 
is used to traverse the film carriage, the movement of 
which is measured on a dial indicator calibrated in 
hundredths of a millimeter. 

In order to determine the optimum width of slit for 
finding the location of maximum density of the diffrac¬ 
tion ring, a series of slits was made up having different 
widths. It was found that a slit which gave an image on 
the film i mm wide resulted in the best combifiation 

*W. 0. MUligan, ^‘Recording photodetisitoineter for x-ray 
powder photogn^hs,’* Rev. Sd. Inst 4, 496 (1933). 



Fig. 2. Parts are identified on the sketch as follows; (L) light 
source, (S) slit, (0) 24-mm microscope objective, (F) film holder, 
(Cl) measuring photo-cell, (D) dial indicator, (P) prism, (A) ad¬ 
justing screen, (Cs) compensating photo-cell 


of sensitivity and sharpness of the peak. Figure 4 
shows the galvanometer deflections obtained as the 
K alpha-lines on a typical pattern were scanned with a 
slit of this width. It will be seen that the location of the 
maximum is quite sharp, and reproducibility of 0.01 to 
0.02 mm is found experimentally. 

As the radius of the calibrating ring is about 5 mm 
greater than that of the diffraction ring, the image of 
the slit does not fit the former, However, the density 
of the calibrating ring is nearly constant for several 
millimeters adjacent to its inner edge, so the edge is 
located as follows: The galvanometer reading is noted 
when the light beam is all on the calibrating ring and 
again when the beam is all inside the edge. The location 
of the edge is taken as the point where the galvanometer 
reading is midway between these two. The point located 
in this way is actually 0.01 mm outside the actual edge 
of the calibrating ring, but this difference is of no con¬ 
sequence as it is constant for all measurements. 

in. RESULTS 

In order to compare the precision of measurements 
made with this apparatus with the precision of those 
made previously with the microphotometer, the data 
from ten patterns, five of which had been measured 
with each instrument, were analyzed. The patterns 
were selected at random but all were obtained from 
two steel specimens which were identical as to composi¬ 
tion and treatment. Measurements of the distance from 
the diffraction ring to the calibrating edge had been 
made at 30® intervals on each pattern, and the com- 



Fio. 3. Compenaating type photo-cell circuit. Ci is the measuring 
cell, Cs the compensating ceil 
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Fig. 4. Galvanometer deflections obtained as the CoKo-lines 
from a steel specimen were scaned. 


parison was made using the standard deviation, <r,* for 
these twelve values. There was some overlapping of the 
values, but the average tr for the patterns measured 
with the microphotometer was 0.09 mm while that for 
the patterns measured with the new instrument was 
0.07 mm. This is believed to be adequate evidence that 
the precision of the measurements with the new instru¬ 
ment is as good as that obtained with the micro- 
photometer. 

In order ,to determine whether or not there was a 
systematic difference between the measurements made 
by the two methods, three patterns were measured with 
both instruments. The data were analyzed by the 
methods described in reference 1 to obtain a single value 
from the twelve readings on each pattern. The differ¬ 
ences between the values obtained from the micro¬ 
photometer and the new apparatus were 0.06, 0.03, 
and 0 mm, respectively. These differences were not 
considered significant. 

The time required to complete a set of observations 
with this apparatus is materially less than on the micro- 
photometer, the saving being about 25 percent which 
represents IS or 20 minutes per pattern. In addition, 
the apparatus is very simple so that virtually no time is 
required for maintenance. 

Figure 5 shows typical results obtained with this ap¬ 
paratus in an investigation now underway at the Na- 

• i4. 5. r. Af, Manual on PresmkUion of Data (American Society 
for Testing Materials^ Philadelphia, 1947), p. 15. 
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Fig. 5. Change in diffraction angle with the bending 
moment applied to a steel specimen. 


tional Bureau of St;findards. A loading jig is arranged 
to apply a bending moment to a cylindrical steel 
specimen by means of a calibrated spring. The diffrac¬ 
tion patterns were taken while the specimen was stressed 
and the tangent of the diffraction angle, plotted 
against the bending moment. For comparison with 
data plotted in terms of stress, it may be noted that 
a maximum bending moment of 40 in./Ib. corresponds 
to approximately 30,000 lb./in.“ stress in the surface 
of the specimen, and the total vertical height of the 
graph represents a change of ring radius of 0.84 mm at a 
specimen-to-film distance of 60 mm. 

IV. CONCLUSIONS 

With the instrument described for measuring x-ray 
back reflection patterns it is possible to obtain at least 
as good precision as with a Knorr-Albers microphotom¬ 
eter. Furthermore the measurements can be made more 
rapidly. It appears to be the simplest and least expen¬ 
sive apparatus available for making these measure¬ 
ments with the necessary precision. The instrument 
might appropriately be called a photomicrometcr. 

While the instrument was designed primarily for 
stress determination work, it should also be useful for 
other laboratory measurements. 
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A simple device is described in which pairs of pulses are produced that are moved continuously with 
respect to each other (wobbled) by an a.c. voltage that also sweeps an oscilloscope spot horizontally. The 
pulsM are applied to both inputs of a coincidence system. Vertical deflection of the c.r. scope spot is caused 
by the output pulses of the system. Thus various characteristics can be made visible and the resolution 
can be read from the scope screen at a glance. With the instrument resolving powers from 3.10"*-10"* 
sec. approx, can be determined. The apparatus was calibrated by feeding the wobbling pulses into a radio 
receiver. The output of the receiver has a sharp minimum when the pulse distance (Af) satisfies the condition 
Af a* (1-f 2»)/2» where n is an integer, p is the frequency to which the receiver is tuned. 


INTRODUCTION 

T he resolving power (r) of a coincidence counting 
system is often derived from the number of 
chance coincidences recorded.^ * If there arc two input 
terminals to which counters (1) and (2) are connected, 
counting an average of Ni, Nt pulses per second, 
respectively, as a result of irradiation by photons or 
nucleons (while care is taken that no “coherent” 
particles or one single particle activate both counters), 
the average of the number of recorded “chance” coin¬ 
cidences per second is 

N-^2NiNir. ( 1 ) 


From a value of t determined by this formula a correc¬ 
tion may be obtained for coincidence counts with 
different rates Ni and Nt and possibly with other 
counters by subtracting the numl^r of chance coinci¬ 
dences. This method was probably applied for the 
first time by Dunworth.* As he remarked it can cer¬ 
tainly be u^ when the apparatus is constructed in 
such a way that: 

Withm wide limits the resolving power (t) is inde¬ 
pendent of 

(a) Ni and / 2 ) 

09) form and size of the counter pulses. ^ ^ 


Also for this reason in coincidence-counting systems 
size and form of the pulses are often standardized before 
they reach the coincidence mbdng stage. This is 
accomplished for instance by the use of differentiating 
circuits* or triggered blockiiig oscillators.*-^ Using these 
methods the pulse width may be made much smaller 
resulting in a better resolution. This can only be done 
when the resolving time is long compared with the 
fluctuation in the time-lag between ps^ge of a particle 
through the counter and the resulting voltage pube 
reaching a value sufficient to drive the coincidence 
system. Otherwise, real coincidences will also be lost* 


* H. U Sdmlts and E. Poilaid, Rev. Sci. Inst 19,617 (1948). 
*H. Bndt and P. Sdiener, Hdv. Phys. Acta 16,251 

* J,V. DimRorth, Rev. Sd. Inst 11, 167 (1940). 

* It L. Schults and R. Bedngcr, Riav. Sd Inst 19,424 (1948). 


This procedure is followed when gas-filled counters are 
used either in their Geiger or in their proportional 
regions and may also be used with crystal counters. 
Photo- or electron multipliers give very short pulses 
themselves. These counters may be connected directly 
to the coincidence mixing state.^® Here the resolving 
time largely depends on the width of the pulses, and 
condition (^) is not fulfilled. Nevertheless the relation 
(1) can be used to determine the average of r and with 
it the chance coincidence rate in another experiment 
as long as condition (2a) is fulfilled and the average 
width of the counter pulses remains the same. 

The greater the fraction of chance coincidences N of 
the total count, the more accurately r must be deter¬ 
mined to maintain the same accuracy in the number of 
real coincidences which is found by subtracting N. It 
is not always possible to keep N small compared with 
the number of real coincidences by improving the 
resolving power because the number of real concidences 
recorded also decreases when r is made smaller than a 
certain value, especially with G-M counters (dependent 
on the construction of these).* So it may be necessary 
to evaluate r with some degree of accuracy. Often the 
number of pulses per second a counter may give is 



Fio. 1. Pulses (not to scale) at different points in the instrument. 
A. “Slice” cut out of sawtooth by Vi, B. Sawtooth produced by 
Vt, C. “Slice” cut out of sawtooth by Vt, D. Output at terminal 
A. E. Combined output at terminals A and B. F. Output at 
terminal B. (Fig. 2 shows meaning of letters.) 


•2. Bay and G. Papp, Rev. Sd, Inst. 19, 565 (1948). 
• R. H. Dicke, Rev. Sci. Inst. 18,907 (1947). 
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limited and then the determination of r may require a 
considerable time. When, for instance, our system has 
10 "^ sec. and we wish to know r within 10 percent 
while we must keep Ni and A'2<400 sec."’^ this means 
that the determination of r takes about an hour. Thus 
it is impossible to see if by some instability of the 
circuit r fluctuates in intervals of time shorter than an 
hour. Also it is difficult to make sure that r is really 
independent of Ni and because for lower counting 
rates the time required to evaluate r gets even much 


longer. Yet another difficulty lies in the condition that 
one particle shall not activate both counters, necessit¬ 
ating a careful placing of counters -and radioactive 
sources not always compatible with practical condi¬ 
tions. (When electron or photo-multipliers are used the 
rates Ni and Nt can be made much higher, so here the 
time required to evaluate the resolving power will be 
much shorter). 

To avoid these difficulties sometimes a different 
method is used to determine r. At a suitable spot in 



;fi—40^: 2W 
RtSSK iw 
— 5m pot 
Rr-O.Sm kW 

Rr~20K IW 

Rr-ZKiW 
Hr-0.2K iW 
Rt—SKkW 
Rr~lO0i kW 
Rxir-22K hW 
R«—l.(V5K 
Rir-4.00iK 2W* 
Rir-l8.0J: iW* 
Rir~58.0IC 
Ri#—198JC 
Rit—S98K 
Rir-“0.80K* 

* Low temperature ooefficiciit. 


Kio. 2. Circuit of the resolving time indicator. 

* Rtr-0.20R* 
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Rfi—SR iW 
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Ru—$K pot 
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Rir-’IOR pot 
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Cv-SHOpf 
Ct—200#/ 
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CrM).5^ 
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Ce-Sjy SOV (el) 

cT^mpf 

c.-2s#r 
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cu-o,our 
Ci»—12^10 
Ctl—O.OlMf 


^lOV. 
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3a 

Fio. 3. Form of maximum output pulses. A. 


one of the channels, ahead of the coincidence mixer a 
line is inserted that delays the pulses. This line may be 
a length of cable® or an artificial delay line.® The same 
pulses are fed into both channels and the “length” of 
line that just makes the coincidences disappear is 
determined. This method also is rather complicated, 
especially when the system does not have a very high 
resolution. Then it is not practicable to use a cable 
because of the length required while an artificial line 
may cause a serious alteration of the pulse shape, 
making the calibration of this line dependent on the 
characteristics of the pulse amplifying and shaping 
circuits of the coincidence system. 

In this article a simple device for direct determination 
of the resolving power of a system with two channels 
will be described that does not have the inconveniences 
of the methods just discussed. It also simplifies the 
testing and adjusting of coincidence systems. This 
apparatus can be used when the system fulfills condi¬ 
tions (2) and with the aid of it the validity of (2) can 
be checked. It enables one to see on a cathode-ray 
tube the behavior of the coincidence discriminator 
when pulses with varying time intervals are applied to 
the system. The resolving power can be read from the 
c.r. screen at any instant, e.g., when the coincidence 
rate is not high, even during a count. 

PRINCIPLE OF THE INSTRUMENT 

A sawtooth voltage (Fig. IB) is fed into the grids of 
two pentodes. These have a grid space that is small in 
comparison with the sawtooth amplitude. So these 
tubes accept narrow “slices” of the sawtooth (Fig. lA,. 
iC). RC-fUters across the plate resistors of these tubes 
differentiate the plate voltage to sharp pulses produced 
during the flyback of the sawtooth voltage (Fig. ID, 
IF). (The pulses of opposite sign produced by the 
slow part of the sawtooth are small in comparison with 
these sharp pulses). 

The grid bias of the two pentodes is varied continu¬ 
ously by an a.c. voltage applied to these grids in oi^ 
site phase. Thus the height of the sawtooth where the 
slices are cut, varies. This results in a varying distance 
between the pulses of Fig. ID, IF: a wobbling of the 
pulses relative to each other. 

These pulses are applied to the two input terminals 
of the coincidence system to be examined. This appa¬ 
ratus only generates an output signal when the pulses 
an close enough to each other. This signal is fed to a 



3b 


52 (Fig. 2) in position 1. B. 5« in position 2. 

vertical deflection plate of a c.r. oscilloscope. The 
horizontal plates of the scope accept an a.c. voltage in 
phase with the wobbling voltage. On the c.r. screen a 
number of pulses will appear extending to both sides of 
the picture as far as is dictated by the resolving power 
of the coincidence system and by the wobbling ampli¬ 
tude (Fig. 7, 8). Alternatively the output of the coinci¬ 
dence mixer can be connected to a vertical plate to 
show the variation of its output pulses as a function of 
input pulse distance (Fig. 9), 

The time scale of the c.r. picture is determined by 
the wobbling amplitude and can be set at a number of 
values from about 3.10^ to sec. 

Calibration of the time scale is obtained by feeding 
the pulses from both outputs of the instrument into 
the input of a radio receiver. When the pulse separation 
is half the inverse of the frequency to which this set 
is tuned its output will be a minimum.* 

The pulses are wobbled while the receiver output is 
connected to a vertical deflection plate of the c.r. scope. 
A suitably phased a.c. voltage is applied to the hori¬ 
zontal deflection plates. A pulse i>attern will appear 
which has minima when the pulse separation equals 
1/2V (Fig. 4). p is read from the receiver and because 
the time scale is linear its calibration is complete. 

DESCRIPTION OF THE CIRCUIT 

The Miller-dynatron or transitron circuit is used as 
a sawtooth generator (7i in Fig. 2). The flyback 
voltage-time curve obtained with this generator is 
exponential. It would be p>ossible to make a sawtooth 
generator with linear flyback but this can only be done 
with a more complicated circuit. By choosing Ci, 
Ua, and C% the flyback time is adjusted to 8 Msec, 
approx. The sawtooth frequency can be varied from 
about 1.5 to IS kc/s by varying Rz. This does not 
appreciably affect the flyback time. The sawtooth 
amplitude is about 60 volts. 

The sawtooth voltage is applied to the grids of V% 
and Rz serves to limit their grid current. The 
cathodes of these tubes are kept at a semi-flxed positive 
potential while the grid bias of Vt may be varied by 
potentiometer jRj 4 * This results in varying the difference 
in time (A^) between the pulses appearing at the output 
terminals A and B. When both tubes have equal bias 
this difference is zero. If is determined as a functimi 
of the setting of Ra the apparatus can be used in its 
umplest form: by feeding the pulses appearing at A 
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Fic. 4. Receiver tuned to 167 kc/r. 
Time scale not adjusted. 



Fig. 5. Receiver tuned to 167 kc/r. 
Time acale adjusted to 3/isec. (* pulse 
distance at the edfes of the picture). 



Fig. 6. Receiver tuned to 500 kc/i. 

Time scale Msec, 

Figs. 4-6. Method of calibration. The photographs show the 
behavior of the output voltage of a radio receiver when pairs of 
pulses of varying separation from the resolving time indicator 
are applied to its antenna input. These pukes are wobbled by a 
50 cycle a.c. voltage. Horiaontal deflection is also caused by such 
a voltage. 

and B to tlie coincidence system, connecting the output 
of this system to a c.r. oscilloscope and by then reacUng 
the position of Ru when pulses appear on the screen. 
The form of the pulses at A and B somewhat resembles 
that of a G-M counter pulse. Their width can be 
adjusted to two values (position 1 and 2 of (Sj). Figure 
3A shows the pulse form in position 1 of 5j and Fig. 3B 
the form in position 2 of St. The amplitude of these 
(negative) pulses can be adjusted with R^i. Its maxi¬ 
mum value is about 25 volts in position 1 and 8 volts 
in position 2 of 8%. By changing the amplitude and by 
switching St the validity of condition 2fi can be checked. 
Different shapes of the pulse can be obtained by putting 
parallel capacities across iZu, enabling a more severe 
test of condition 2/9. 

To obtain information about the behavior of the 
coincidence system more rapidly and also because the 


non-lineu reiationdijip between VW and the eettii^ of R 
(expcmoitial i|ybiiclc) would quite calilwatum diflhcalt, 
the puke **wdU>Iing*’ tjkscribed ebove was introduced. 

About SG volts a.c., foe instance taken from an extra 
winding oi the power supidy transformer, ate applied 
to Pi and Pt (Fig. 2) causing a continuous variation of 
the bias of the grids of Ft and V$ in opponte phase. 
In this way the first order deviation from linearity of 
the flyback is eliminated from the relation. (The 
bias difference between Ft and F« is called n.: the 
wobbling voltage). It diould be noticed that the 
“effective” bias wobble (««) is about 0.3 of the a.c. 
voltage of Qi and Qt because of the shunting P 1 C 4 
combinations. Actually Ri was inserted to enlarge the 
shunt impedance. The percentage deviation S from 
linearity of the tw-A/ relation can easily be evaluated. 
The maximum value of will cause the largest i. Now 
Vw mu is ^^20 volts. is the voltage across Pi when 
the flyback cuts across the grid space of Ft and Ft 
(assuming Vw^O). Then with volts we have 

Vv ma«/ro=AAn«/PiCi~0.11. Since first order deviation 
from linearity is eliminated by the balanced application 
of Vu we get 3n.„~100/12(Mn«/PiCi)*~0.1 percent. 
This is a smaller error than that inherent in the absolute 
calibration, as will be seen below. 

The a.c. voltage that provides the horizontal oscillo¬ 
scope sweep is derived from the 6.3-volt heater voltage. 
It is phased by the PuCu combination and fed from 
terminal F into the sweep amplifier of the so^. 

In order to get a better picture the cathode-ray beam 
is intensity-modulated by pulses from terminal £, 
connected to the c.r. tul» control electrode, so that 
the picture is only made visible during the flyback of 
the sawtooth. These pulses are derived from those 
existing on the screen of the transitron tube Fi. A 
part of those negative pulses are applied to the grid of 
F 4 , where their polarity is inverted. 

CALIBRATION 

To calibrate the iiutrument St is switched to position 
3 and terminal C is connected to a radio receiver. 
Thus the receiver accepts the combined pulses from Ft 
and F» at its aerial input. Pt is so adjusted that the 
sawtooth frequency is about 5 kc/s. As a receiver a 
Philips broadcast superheterodyne (type 695A) was 
used; any well calibrated commercial set with medium 
and long wave ranges and with an over-all band width 
of something like 12-18 kc/s will perform equally well. 
The output of the a.f. power amplifier of the set is 
(xmnected to the vertical deflection an)|>lifier of the 
oscilloscope. The horizontal deflection anqilifier acc^ts 
an a.c. voltage from terminal E. Si is put in position 1 
and the receiver is tuned to i-i-ie? kc/s. When the 
horizontal sweep is properly phased by turning Pn th o 
picture on the tereen will be Uke Fig. 4 . At the 
of the minima AI is now l/2vt«3/iaec. Next Pm is 
adjusted m that the m ini m a aj^iear at the edgee nf the 
picture (Fig. 5). Thus the time loak, de^ q* Af At 
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Fig. 7* Output of biEt «tw (r«) of Fig. S. S«me us Fig. 7, but rw0.(l3/laec. Fig. 9. Output of di«crimination 

8y«t«m. Dittcriminator adjusted to give amplifier (Tt). 

resolution rwO.012 asec. 



Fig. 10. Output of Ti when coax cable. 
(5W cm) Is In one channel of the system. 



Fig. If. Same as Fig. 10» but cable is in 
the other channel. 


Figs. 7-11. Photographs of c.r. 
scope screen of output under vari¬ 
ous circumstances at two different 
stages of a coincidence system, con¬ 
nected to the resolving time indi¬ 
cator. 


the edges of the picture is fixed at 3Msec. Now the 
wobbling voltage can be decreased in steps by switching 
Si. The resistors are selected so as to provide a 

voltage ratio: 1:0.3•.0.1:0.03:0.01:0.003 at positions 
1-6 of Si, so the time scale (A/„,u) is equal to 3,1, 0.3, 
0.1, 0.03, 0.01 Msec, at these positions respectively. It 
is not too difficult to choose Rn~Rit so that the deviation 
of any time scale does not exceed 2 percent. Thus we 
have a complete calibration. To obtain a higher 
accuracy or to check the tiu-ratio at different positions 
of 5i the radio receiver can be tuned to 3i/i='500 kc/s 
(position 2) or lOi'i-1666 kc/s (position 3) and again 
a picture as shown in Fig. 5 must appear. 

Also it is possible to utilize for calibration the 
minima of “higher order" in the receiver output, these 
will appear when Al’^(i+2n)/2vi («“1, 2“-). An 
example is given in Fig. 6 where Si is in position 1 and 
the receiver is tuned to Smi^SOO kc/i. This procedure 
can be followed when the receiver does not have a long 
wave range. 

TSSTING OF A COINCIDSNCB SYSTEM 

A coincidence system of medium resolution (t» 10"^ 
—10~* sec.) has been tested with the instrument. 
This system has two channels, both containing a pre- 
(Ti, Ti) coupled to a qiecial triggered multi* 
vibiator (ri,ri') that produces narrow pulses the 
width of which can be varied in steps. These are fed 
into the coincidence mixing stage (Ft, 7t') (a modified 
BiMHfi*stage). The output of this stage goes into a 
<Hscrimipatx>r (TO followed by an amplifier (Ti), The 
otttiHit pulses of this amplifier trigger a multivibrator 
when they ai» soffictoUy large. 


Terminals A and B (Fig. 2) of the resolving time 
indicator are connected to the inputs of Ti and Ti of 
the coincidence apparatus. Horizontal deflection on 
the oscilloscope is caused by the a.c. voltage from 
terminal F. Various signals are now applied to the 
vertical deflection plates of the scope (usually via the 
vertical deflection amplifier). 

1. Output of Tt. Timescale-O.l Msec.; r=s 0.012 mscc. 
(Fig. 7). 

2. Output of Ft but different discriminator (T^) bias. 
Time scales0.1 Msec.; t= 0.030Msec. (Fig. 8). 

3. Output of Ti. Time scale™0.1 Msec. (Fig. 9). 

4. Output of Tt when a length of coaxial cable (590 
cm) has been inserted in one of the channels between 
Tj and Tt. To the left of the peak a secondary peak is 
visible. This is caused by imperfect matching of the 
cable to the input and output impedances resulting in 
reflection at both cable terminals. Thus a second 
smaller pulse reaches the coincidence stage after 
traveling through the cable twice. In this way four 
more equidistant peaks of decreasing height have been 
observed. Time scale™0.1 Msec. (Fig. 10). 

5. Same as 4 but coax cable is in the other channel 
(Fig. 11). Figures 10 and 11 suggest another way of 
calibrating the resolving time indicator when a coinci¬ 
dence system with good resolution is at hand together 
with a length of coaxial line of which the propagation 
constant (/) is known. On the other hand we can con¬ 
clude from Figs. 10 and 11 that /™0.60 for the cable 
used there. The system was subjected to different 
pulse shapes and amplitudes and also the number of 
pulses per second was varied. This gave only a very 
•light change of the resolving time. 
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Design Curves for 180 ** Magnetic S^peetrometers 

I 

George E. Owen 

Waskingkm Univtrsilyt St, LomSt Missouri 
(Received August S, 1949) 

The image shapes resulting from 180® focusing of charged particles in a homogeneous magnetic field have 
been computed. General curves are presented in terms of three variables for variable p-spectrometers (as in 
the case of photographic detection) and in terms of four variables for constant p-sq^ectrometers (as in the case 
of detection with a fixed counter). The variables are source and exit-slit height, source width, angular selec¬ 
tion, and exit-slit width. 

► The advantages of using sources and exit-slits with a large dimension parallel to the magnetic field (i.e,, 
height) arc noted. 


L INTRODUCTION 

O F the many types of charged-jmrticle spectrometers 
in use,^ that which utilizes 180° focusing in a 
homogeneous magnetic field is perhaps the simplest and 
most widely used^for various types of particle spectros¬ 
copy. 

In preparation for work with this type of spectrom¬ 
eter, using electron sensitive plates as the detection ap¬ 
paratus, the problem of focusing has been reviewed in 
detail. Photographic line shapes have been computed 
as a function of the variable parameters involved, and, 
in addition, a general set of line shapes for constant 
radius spectrometers has been calculated. These curves 
have proven quite useful in this laboratory. 

The theoretical aspects of this problem have been 
treated previously by several authors,^ The problem as 
discussed here is set up in a manner similar to tliat of 
Lawson and Tyler.* However, in the following analysis, 
the distribution obtained for the particle-emitting 
source of infinitesimal width is analytic over the angular 
variation of particles coming from the source, and this 


results in a line shape which differs from that derived 
by Lawson and Tyler. 

The photographic images** are treated as functions 
of source and image height,®^ width of source, and 
maximum angular selection about the normal to the 
source. The images^ for constant radius of curvature 
spectrometers are given in terms of these same param¬ 
eters plus the width of the exit-slit. In all cases the 
linear dimensions are generalized by presenting them 
as a fraction of the radius of curvature. 

n. THEORETICAL DEVELOPMENT 
A. Equations of Motion 

Since the equations of motion are derived in many 
books on electron optics, the procedure will merely 
outlined here in order that the notation may be estab¬ 
lished. 

Consider in Fig. 1 the case of the negatron with rest 
mass nio leaving the origin with a velocity V, where* 

( 1 ) 



>K. Siegbahn and N. Svartholm, Arkiv. f. Mat. Astr. O. 
Fy#, 33A, No. 21 (1946); L. M. Langer and C. S. Cook, Rev. Sd. 
Inst, 19, 257 (1948); DeuUcb, Elliot, and Evans, Rev. Sd. Inst. 
IS, 173 (1944); Clifford W. Witcher, Phys, Rev. 60, 32 (1941); 

J. Backus, Phys. Rev. 68, 59 (1945). 

*W. A. Wooster, Proc. Roy. Soc. (London) AIM, 729 (1927): 

K. T, li, Proc. Camb. Phil Soc. 33, 164 (1937); J. L. Uwion wui 
A. W. Tyler, Rev. Sd. iMt. 11,6 ^1940). 


and moving in an homogeneous magnetic field 

( 2 ) 

The equation representing the motion of a negatively 
charged particle moving in a constant magnetic field is 

d ( 1 

_ - --«(VXB). (3) 


The solutions of Eq. (3) are of the form 

xo) C«o+i4-*(s— So) J** Wo*+«o* (4) 

Cy-yo]-»o/, (5) 

where 

X-«o(Bo<!)-»(1“V*/C*)-* 

and 3^0) y»> and s.’^^the initial displacement of the 
particle. 


“ Tie term p^grapMc imatt wlU be need to eignlfy imagee 
formra in variable p-spectroroeters in whkh photographic detec¬ 
tion IS most frequently used. 

“•The ^ floorn helKht meana the dimendon paralkl to the 
manietic field (ui die y mrectioA, 1), 

H and k ere the conveadonal CaiteiiaB bav vacton. 
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To find the intersection of the orbit with the 
plane, we set and m (4), giving, 

cosO. 

To obtain the point of maximum displacement along 
the X axis, set 0a=O 

(x^Xo)ftiax^ 2AV, 

This establishes the relation between the radius of 
curvature, p, and the momentum, pt and magnetic 
field, JSo, 

p^Bnpte. (6) 

The term / can now be eliminated from Eq. (5) by 
computing the time required for the particle to travel 
over the circular arc projected on the xz plane. The 
magnitude of the velocity along the arc is (wo^+w^o*)*. 
If the particle is emitted at the projected angle ^ to 
the z axis, then the length of the projected orbit is 
p(t— 24^). Equation (5) becomes 


(y-yo) 


Dop(ir—24^) 

(«o*+W)* 


or, using the angle shown Fig. 1, 

(y—yo)*-.o=p(ir—24^) sin4^ tan<^« (7) 

B. The Intensity Distribution from a 
Source of Infinitesimal Width 

Consider the coordinate system given in Fig. 1. 
Let «p=»the number of particles of velocity V leaving 
the source per unit solid angle per cm* per sec. 

The total number leaving the source per sec. between 
Xo and xo+dxo, yo and yo+dyoj 0 and 0H-d0, and ^ and 
is, 

dN — Hv sin9d0d4»dxodyo, (8) 

and the total number per sec. arriving at the image is, 

f -t-ta/8 ^+Oo ^+A/2 --f^o 

I I I n« sin0dxod0dyod4», (9) 

* 0/2 •'--00 •'— A /2 •'-♦ft 

where A«the total height of the source (in the y di¬ 
rection), /o^'the total width of the source (in the x di¬ 
rection), 00 and ^0 are the limits on 0 and imposed 
by the defining bafSe. 



Flto. 2. The intepiuty distHbutioo resulting from a source of Infimteiumal width as a function of X. 
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From (7) 


we ROW obtain (9) as 



tan"‘ 

y-yt 1 

AT 

AT.J 

L. L Ln 4*“" 

|*/2-y»l 

1 Pg(*) J 

and 

p(ir“2^) sin^l 



1 y-ya 1 ] 

(11) 

1 fig(*) 1 

IT 

Let 

1p(t— 2Sf) sin'l'l J 

1 tinOdlxodBdyi 


(t— 2^) sin4^. 

In the case discussed here, the source height is set 
equal to the image height. In general, however, these 
two dimensions may be handled in the same manner as 
shown below when they are not equal. 

Expressing the limits of in terms of Eq. (10), sub¬ 
stituting Eq. (11) into Eq. (9), and integrating between 


— tan“‘ 


//f/2+yo\ 

\ pg(^) / 


and 



Integrating Eq, (12) between the limits of the source 
height we obtain, 



where 


-gW Jl 

k^h/p. 




DESIGN CURVES FOR lSd‘ MAGNEtlC SP E C t RO M E t E RS 


010 



Fio. 4. Intensity distribution for a photographic image in the case where the source width is 1.0 percent 

of the ndius of curvature. 


When the source height is not equal to the image height, 
one obtains the same function as above with added 
terms in 

It should be noted at this point that £q. (13) is 
analytic for all values of 0, and '9. When >0 
the term, tan~HC/*(^))* approaches the limit if/2. It 
can be shown that 

Urn g(’t) log[l+(£/g(i^))*3-^, 

Sbce cos6» cosy cos'i', and since y ^ where is a 
small angle, 

sin0deScoey sin^d^. (14) 

Insert Eq. (14) into £q. (13). The factor cosy can be 
taken outside t^ integral sign as an average value 
because it is approximately constant within the limits 
of inti^tbn.* 

* <«oiy>«, is approihnately one for all viduet of I used b spec- 
lioiiitttQti AAid does not beoone appredsbiy kas than one until 
^ta large snglea sie reached. 


-+»«/* -+*, j / £ \ 


-gW lod 1+ 


logj^l 


(- 

V«(^) 


^11 p sin4'dxod4r. (IS) 


Equation (15) can now be integrated between the 
limits, —and +'4'o,set by the defining baffle. Sinceour 
interest lies in the photographic image, and since this 
image is distributed along the x axis in the negative 
direction from 2p, let us define a new coordinate X, 
where 

X = 2p(l—cos^) (16) 

dX-2psin4'd4'. (17) 

Sulutitute from Eqs. (17) and (18) into Eq. (16) givmg 

I thfOOdxvdX, (18) 

—kit w* 
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Fio. 5. Intensity distribution for a photographic image in the case where the source width is 2-0 percent of the radius of curvature. 


where 



For corresponding values of and X', 

?(«'')-fi(x'). 

This relation allows one to compute gi{X) in terms of '9 
and obtain the corresponding value of X. 

Setting {cosy)»,«l, it is seen that /(X) in Eq. (18) 
is the distribution from a source of mhnitesimal width 
dxo. This distribution is shown w Fig. 2 for.three values 
of i.e., for three different values of source height 
expressed as a fraction of the radius of curvature. 

C. The Photographic Image Shape 

The distribution from a source of finite width k will 
be indicated as F(X). 

F(X)a=2^ of all the contributions from the infinitesi¬ 
mal widths dxo between the proper limits, or 

^(X)- f '/(X')<iX'. 

•^Xi 


Now define Xo* as Xo=*2p(l—cos'Fp) where ♦o is the 
maximum value of't' as determined by the defining 
baffles. 

The three general cases are (I) Xo<lo;(2) Xo^k; (3) 
Xo>/o. Since the calculaUons of the images mvolved 
integrations of /(X) within the proper limits, it was 
found convenient to integrate numerically the curves of 
Fig. 2. Let At be the area between X»0 and X; the 
method of calculation can then be indicated S 3 rm- 
bolically. 

Case 1. Xo^/o. 

From X»OtoX-Xo 

F(X)-^.. 

From X«XotoX»io 

From X* to X- lo+ Xo 

Ihe^ore Case 1 provides the familiar flat-topped 
image mdicating that is small in relation to h. 

Case 2. Xo»4. 

From X»OtoX»fo 

. F(X)»^.. 

From * X-io to X-/o-}-Xo 

F(X) ■> —Jo. 

• Z« witt be denoted ec Imofe vUti, 


( 20 ) 







DESIGN CURVES FOR ISO*^ MAGNETIC SPECTROMETERS 


921 


Since resolution is computed on the basis of the total 
distance (2p) between source and image, and since the 
parameters are given in terms of percent of p; the widths 
of the images at one-half the intensity must be divided 
by two in order to provide the correct theoretical resolu¬ 
tion. (Hiis only applies to Figs. 3-6 for the photographic 
images.) 

D. Image Shapes for Constant p-Spectrometers 

In the case of constant p-spectrometers a fourth 
variable is added, that of exit-slit width Lo. 

The diagrams are made up on the basis that 2p is 
the distance from the inner edge of the source to the 
inner edge of the exit slit. This specification allows the 
high energy terminus of the line to fall always at X«0. 
Other definitions of the limits of 2p may be made by an 
appropriate shift of the X«0 point. 

In Figs, 7 and 8, the images for constant p-spectrom- 
eters were obtained by integrating the curves in Figs. 
3-6. Because of marked similarities in shapes for differ- 



Fio. 6. Inteniily dbtribution for a photographic image in the case where the source width is 4.0 percent 

of the radkt of curvature. 


Curves of Case 2 give maximum intensity coupled 
with tihe optimum resolution. 


Case 3. 

Xo^/o* 

From 

x**0 to X«/o 


F(X)«4,. 

From 

X«/oto X-Xo 


jP(X) ** “ io. 

From 

X»« Xo to X* Xo"l"/o 


F( X) =» .4 «o ^ “ Jo- 


Case 3 gives a double-humped peak of poor resolution. 
In Figs. 3-6 the photographic image shapes are given 
in terms of three variable parameters. Each separate 
figure gives a set of images for a particular value of 
source width, U (0.5 percent of p; 1.0 percent of p; 
2.0 percent of p; and 4.0 percent of p, respectively). 
Also for each source width the images are shown as a 
function of three values of source and image height 
({=»0,1; {»0.2; and f=0.3) and as a function of five 
values of (2^ 4^ 6^ 8^ and 10^). 
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Fig. 7. Intensity distribution as a function of ezit-sUt width lor 
a constant p-spectrometer in the case where the source width 
equals the image width. A'ofs.—Multiply the abscissa by KXlU/p 
(usin|f p and k for a given i^trometer); the abscissa will then 
read in percent Bp, 


ent values of /o the results are given as functions of the 
ratio of source width to radius of curvature; thus, for 
specific cases these abscissas can easily be converted 
to percent Bp for any particular choice of p and /o. 
The ordinates are given in units appropriate to a source 
width of 1.0 percent of radius of curvature, however, 
Fig. 9 provides the multiplication factor for conversion 
to cases where k is different from 1.0 percent. 

Figure 7 treats the effect of exit-slit width L® on the 
image in the special case where /o=»2p(l-“Cosi^o) or 
Xo (Case 2). 

Figure 8 indicates the effect of two variables, exit- 
slit width Lo and is given in terms of where 

is that value of Sko such that /o»»2p(l—cosSl^oO-^ 
When lo and are known the ratio of to is 
easily computed. 



FtG. 8. Inteusity diatri* 
bution for a constant p-spec- 
trometer as a function of 
fo and 


’ Value of '#'0 when maxsmuin intensity is coupled with opdmuin itsolntiotu fixes the ratio 1%/p* 
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Fio. 9. Increase in inten¬ 
sity as a function of source 
width. 



Figure 10 indicates the value of increased source and 
counter height. In Fig. 10 it is seen that the intensity 
increases very rapidly as { is increased, and that the 
resolution changes quite slowly. 

m. DISCUSSION 



Fio. 10. Intensity distribution for a constant /^spectrometer 
as a function of the height of the source and exit-slit 


The use of a general set of curves of this type is con¬ 
venient in both design and operation of spectrometers. 
In many cases ideal conditions cannot be realized in 
operation, and reference to a set of image curves can 
quickly tell one whether the sacrifice of resolution for 
intensity will actually result in an optimum operation 
of the instrument. 

As an example, suppose that greater intensity is 
desired in a constant-radius spectrometer because of low 
specific activity of a beta-emitting source. This might 
be done by increasing the ratio of source width to exit- 
slit width from /o/io=0.5 at 4/3^o' to /o/I'0=2.O at 
Figures 8 and 9 show that this alteration triples 
the intensity at the expense of a loss of a factor of two 
in resolving power. 

Another interesting result can be derived from Figs. 
3-^ and 10. Intensity is seen to vary approximately as 
whereas resolving power is a slowly decreasing 
fimction of A/p* Thus the use of large heights for the 
source and the exit-slit is profitable in terms of a conse¬ 
quent gain in intensity. 

It should be noted in conclusion that the theoretical 


shape of the monoenergetic line in the case of 180® 
focusing of beta-rays does not usually have the shape 
found experimentally. The theoretical line does not 
show the large low energy tail usually obtained in prac¬ 
tice. This discrepancy can in large part be attributed to 
source thickness. Experimental indications of this have 
been observed in this laboratory. 

A source of Th(5+C) was prepared by electrostatic 
deposition of thorium A on quarter-mil A1 foil forming a 
very thin source. Another source of Th(JB+C) was pre¬ 
pared from a solution providing a source of approxi¬ 
mately 0.7 mg/cm*. The F-line showed a marked sym¬ 
metry about its point of maximum intensity and gave a 
resolution of 1.2 percent in the case of the source pre¬ 
pared by electrostatic deposition. In the case of the 
thicker source the F-line showed a marked low energy 
tail combined with a resolution of 2.5 p)ercent. 

I wish to thank Dr. F. B. Shull, Professor A. L. 
Hughes, and Dr. C. S. Cook for many helpful sugges¬ 
tions and comments. 

This work was assisted by the Joint Program of the 
ONR and the AEC, 
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Apparatus for Isotope Separation by Thermal Diffusion 

W. W< Watson, L. Onsaoer, and A. Zockei 
F rt/ff UnhersUy^* New Baven, ConnecHcui 
(Received August 10,1949) 

A compact, all-metal, multi-stage thermal diffusion apparatus for Uie separation of isotopes in quantity in 
non-corrosive gases at any pressure up to 175 Ib/in * is described. For a particular gas the proper pressure 
may be well-enough calculated in advance as that giving maximum s^>aration factor in the last column only. 

Operating with neon at 3 atmos. pressure, and using 12 meters of column consuming 4.9 kw for 2d0 hours, 

7 liters of gas with a Ne** content of 93.4 percent were produced. 


I N an earlier note by one of us^ brief mention was 
made of the operation of a six-column all-metal 
thermal diffusion apparatus, based on copper-clad G. E. 
Calrod heaters of |-inch diameter and 20()-cm effective 
heating length, for the enrichment of in CHi gas at 
atmospheric pressure. Later, J. 0. Buchanan coupled 
these same columns to a single 3-meter glass Clusius 
and Dickel hot-wire column to produce a considerable 
increase in the A®* content of a volume of argon gas.* 
We have recently rebuilt this equipment, noting and 
rectifying its deficiencies, and we have observed its 
performance under close to ideal conditions in the 
separation of the isotopes in a large batch of neon gas. 
Since very little information has appeared in the litera¬ 
ture on the construction details and quantitative per¬ 
formance of producing thermal diffusion apparatus, a 
brief recital of our experience should be of some value. 
For a complete discussion of the theory of isotope 
separation by thermal diffusion the reader is referred to 
the review article by Jones and Furry,* 

CONSTRUCTION FEATURES 

The radius of the water-cooled copper pipe sur¬ 
rounding the Calrod heater in each column is such that 



Bottom 


To, 


Fig. 1. End-construction of the columns. 5—2-ply sylphon 
bello^, Si —A inch stainless steel, C—Calrod heater, A —cooling 
air, j 5—studs for counterweights, W—cooling water. 


•Assisted by the AEG. 

»W. W. Watson, Science 93, 473 (1941). 

* ^ Buchanan, Php. Rev. 75, i332A (IW). 


. C. Jones and W. H. Futo ®*v. Mod. Phys. 18, ISl (1946). 


the distance 2w between the hot and cold surface is for 
columns 1 and 2, 0.795 cm; for columns 3 and 4 it is 
0.635 cm, and for columns 5 and 6 it is 0.476 cm. 
Fastened to the lower end of each cold pipe is a two-ply 
brass sylphon bellows to take up the differential ex¬ 
pansion of the hot and cold surfaces. These bellows can 
hold a pressure of 175 Ib/in.*, and we solder them into 
place in the compressed state. Connection between the 
bellows and the lower end of the Calrod is made by 
means of two 2-inch lengths of thin-walled stainless- 
steel tubing, with one piece re-entrant inside the other, 
to minimize heat conduction. Similarly, at the top of 
each column 2| inches of thin stainless steel connects 
the top of the cold wall to the Cllalrod at a point about 
I inch inside the insulating mica washer. All connections 
to the Calrod are of necessity silver-soldered. Figure 1 
illustrates this end construction for each column. 

Also with the thought of minimizing heat losses, 
three thin stainless-steel centering fins, tapered nearly 
to a point at their outer ends, were soldered to eadi 
Calrod at 5()-cm intervals along its length. The Calrods 
were then carefully straightened and the inner surfaces 
of the cold pipes were polished before assembly. That 
our precautions to lower heat losses could be improved 
upon are shown both by the power oinsumption when 
the columns are evacuated, as mentioned below, and 
by the fact that we found it necessary to add extra 
water cooling over the stainless-steel end plate con¬ 
necting to the top of each column. Probably somewhat 
more than four inches of thin stainless-steel should be 
used between the hot and cold surfaces at each end of 
a column. 

The columns are connected in series by means of 
}-mch I.D. convective coupling pipes as shown sche¬ 
matically in Fig. 2. For compact arrangement the 
columns are mounted symmetrically around a center 
post, and the six hot convective couplers are wn^iped 
there with a common heater. For the neon isotope 
separation, convective end volumes for the circulation 
of the proper amount of gas through the "light” and 
“heavy” ends of the apparatus are attached to the top 
of column 1 and to the Iwttom of cdumn 6. The “light” 
end-volume consists of a square loop, six feet on a side, 
of 3^inch IJ). copper tubing coning down to one-itiidt 
diameter to join with the top of coiunm 1. ^ 


924 







APPARATUS FOR ISOTOPE SEPARATION 


925 



Fzc. 2. Schematic diagram of thermal diffusion apparatus. 
C™-compre8«or, A/—McKay valves, V —sylphon bellows valves, 
G -prcssure gauge, T —gas cyclinder. 


“heavy” end is a shorter loop of IJ-inch copper tubing 
joined to the bottom of column 6 through sylphon valves 
by means of which the gas enriched in the heavy isotope 
may be isolated at the end of the operation. The size 
and appearance of the apparatus may be judged from 
Fig. 3. 

All coupling pipes, end volumes and water pipes are 
joined with standard fittings, elbows and couplers and 
soft soldered. In a coupling pipe near the top of each 
of columns 2-6 and also at a convenient point in each 
end-volume McKay pressure valves are attached on 
T-joints for sampling, gas handling or evacuating. 
Whenever the Calrods are heated with the system 
evacuated we have found it necessary to hang a 20-lb. 
weight from studs soldered to the bottom of each 
sylphon bellows so that the unbalanced compressive 
force will not bend the Calrod. 

Gas transfer between the commercial cylinders and 
the apparatus is effected with a small refrigerator com¬ 
pressor. These compressors are gas tight if they are in 
good condition with a new, well-worked-in universal 
sylphon shaft enclosure. 

The Calrod heaters are powered by A connecting 
them in pairs across the 230-volt 3-phase a.c. circuit. 
Estimation of the temperature of any Calrod is best 
made by measurement of its extension with a cathe- 
tometer. 

NEON ISOTOPE SEPARATION 

Our objective was to produce 7 liters of neon gas 
with its Nc** content at least 90 percent of the total. 
We arbitrarily decided to make the temperature differ¬ 
ence between hot and cold walls 450®C. Therefore, in 
the notation of reference 3, ri«300®, ^a»750^ f «525°, 
ll•«0.(:i43, F® 15, e«4S2.7 micropoises at 52S®K, J9«*6.11 
X I0 “Vp, Of» 0.031 and, for columns 5 and 6, 2w^ 0.476 
cm, 2J«S.484 cm, i-»400 cm. For the plane-wall 
appmodmation, we then computed with Eqs. (7t) and 
(W) oi reference 3, setting K^Ki^ 2 for maximum sepa- 

Rev. 62, 548 (1942). 


ration factor in columns 5 and 6, that the pressure 
should be about 3 atmos. This indicated that the 
“heavy” end-volume should have a capacity of about 
2J liters, and we decided to charge the apparatus with 
150 liters (NTP) of neon in order to have a com¬ 
fortable “factor of safety.” Since the geometrical volume 
of the columns and coupling pipes is 8 liters, this 
dictated that the storage volume at the “light” end 
should have a capacity of about 30 liters. 

Under these operating conditions our gauge pressure 
was 34 Ib/in.^, so that from the gas law p= 1.56X10"^ 
g/cm* at 525°K. This makes = 1.76 for the 

last two columns, or dose to the optimum value 2 for 
maximum factor. The transport is then 9.856 
Xio-6 g/sec., —2.792X10"* g.cm/sec. and 
= 1.595X W * g.cm/sec. Corrections of these values for 
cylindricity by means of Eqs. (lOl)-(lll) of reference 3 
yield ff=1.1513X10"* g/sec,, Kr=4.005Xl0-» g.cm/ 
sec. and Ka—1.5681X10^* g.cm/sec. Thus the Kr/Kd 
ratio is actually 2.5, a somewhat more efficient figure. 
Furthermore, experience indicates that a parasitic con¬ 
vection is unavoidable in cylindrical columns 

of this type. A parasitic convection current of this 
magnitude indicates azimuthal variations in tempera¬ 
ture of V to 8° despite the good thermal conductivity 
of the copper sheath of the Calrod. Including this Kp^ 
the total k is 6.775XIO^* g.cm/sec,, 2/1=0.017, 2AL 
= 6.8 for columns 5 and 6 together, and hence they 
should have an equilibrium separation factor q^9O0. 



Fio. 3. General view of the assembled all-metal multi-stage 
thermal diffusion apparatus. 
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One must be careful in setting the operating condi¬ 
tions in thermal diffusion apparatus such as this to 
avoid turbulence in the first columns. Since these 
columns have the largest value of 2w, turbulence would 
occur first in them as the gas pressure is raised above a 
critical value characterized*- * by a Reynolds number R 
greater than about 25. For our neon gas pressure, 
KelKi^ 12.3 for columns 1 and 2, so that R=2lKe/Kd)^ 
S7, or well below the value 10 recommended’ as the 
maximum permissible value of R to guarantee the ab¬ 
sence of turbulence. Since there is some evidence,* * 
however, that the presence of a slight amount of 
turbulence does not decrease, and may even increase, 
the separation factor in Clusius and Dickel columns, 
it is possible that Kt/Kd ratios as high as 150 can be 
used. The effect of turbulence in thermal diffusion 
apparatus should be the subject of further investigation. 

Figures 4 and 5 summarize the performance of the 
apparatus. Both curves indicate that when we isolated 
the end volume at the bottom of column 6 at 262 hours, 
this gas having then 93.4 percent neon 22, equilibrium 
bad not yet been reached. For since columns 5 and 6 
are identical, they should develop the same equilibrium 
sqnration factor (ratio of the isotope ratio at the two 
ends of the column). Figure 4 indicates that the over-all 
factor for these two columns at shut-down was about 70. 
One judges from the course of the curve in Fig. 5 
that if the time of operation had been considerably 

• L. bMa|et sad W. W. Wstwm, Phys, Rev. 56,474 (1939). 

• R.. Simon, Phys. Rev. 49, 596 (1946). 

’ See reference 3, p. 173. 

'A. Bcamiey and A. K. Brewer, Science 90, 165 (1939); 
J.Chem.Soc.7,972L(1939).. 



Fig. S. Percentage abundance of Ne" in the “heavy” end- 
volume as a function of time of operation. 

lengthened, the neon 22 content might have risen to a 
maximum of 96 percent. The experimental q, would 
then be in the range 100 to 200, but certainly not the 
expected 900. One can only conclude that parasitic 
convection currents were even larger than those sugr 
gested above. The loss of factor is probably accom¬ 
panied by a gain in transport, however, thus increasing 
the yield of enriched product. 

One would expect that at equilibrium, with the 
“heavy” end-volume containing mostly neon 22, the 
neon 21 isotope (0.27 percent abundant in the original 
gas) would be concentrated to the greatest extent at 
some intermediate point, say at the top of column 5. 
For the neon 21 should be set forward from the “light” 
end which contains mostly neon 20, and backward 
from the “heavy” end which is choked with the 22 
isotope. Actually the samples taken at ^ut-down 
show that at the top of columns 3,4,5 and at the bottom 
of 6 the neon 21 content was 0.32 percent, 0.46 percent, 
0.65 percent, and 0.62 percent respectively. Perhaps 
if these analyses were of equilibrium samples the ex¬ 
pected greater neon 21 concentration at an intermediate 
point would be found. 

With Eqs. (76), (99), and (411) of reference 3 we 
compute that the power consumption due to heat 
conduction through the neon gas in columns 3 or 4 
should be 570 watts. Our actual power consumption in 
either of these columns was 770 watts. To twalwni.in 
the AT of 450°C between sut&oes when these columns 
were evacuated the power consiiB^tion was 225 watts 
per column. This last figure then indudes all heat losses 
other than the heat conducted by the gas. llie difief* 
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ence between these two experimental values agrees 
rather well with the calculated Q* 570 watts. 

It is to be concluded from these performance data 
that thermal diffusion apparatus constructed in this 
manner could produce quantities of well-separated 
isotopes for a number of the elements available in 
suitable gaseous compounds. The all-metal construc¬ 
tion makes possible a choice in a wide range of pres¬ 
sures for most efficient operation. With continuous feed 
and bleed, separation and purification of certain com¬ 


mercial gaseous mixtures could undoubtedly be accom¬ 
plished with properly designed thermal diffusion columns 
similar to these. 

Most of the isotope analyses in this work were per¬ 
formed on our Thode-typ^ 60” mass spectrometer. We 
wish to thank Dr. H. D. Hoberman of the Dq)artmrat 
of Ph)rsiological Chemistry for making several mass 
spectrometer analyses supplementary to ours. 


• Graham, Harkness, and Thode, J. Sd. Inst. 24,119 (1947). 
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A Single Pulse Voltmeter 

G. T. Rado, M. H. Johnson, and M. Mau>ox 
Namd Research Laboratory, WashbetUm, D. C. 

(Received August 19,1949) 

The voltmeter described herein is capable of measuring the average amplitude of a single pulse with a 
random error of 0.2 percent of full-scale deflection. The instrument condsts of a gated cathode follower 
bridge in conjunction with a ballistic indicator. In its present form the circuit responds to the average pulse 
amplitude over an arbitrarily selected interval of two milliseconds; thus, it measures the actual amplitude in 
the special case of a flat pulse of sufficient duration. The required input is 0.8 volt for full-scale deflection. 

The nonlinearity is less than I percent of any given deflection throughout the major part of the range of the 
instrument. 


INTRODUCTION 

I N the course of investigating the complex permea¬ 
bility of ferromagnetic metals at very high fre¬ 
quencies,* we encountered the problem of measuring the 
voltage amplitude of a single pulse to a relatively high 
degree of accuracy. Typical pulse voltmeters described 
in the literature’ cannot be used for single pulses be¬ 
cause they require a finite pulse repetition rate. Since the 
accuracy to be attained in our application makes it 
difficult to use a cathode-ray oscilloscope, we were ob¬ 
liged to develop a special instrument, called the “single 
pulse voltmeter” (SPVM), to fulfill our requirements. 
The applicability of this instrument is definitely limited 
with respect to admissible pulse shapes. Although the 
edges of a given pulse may be irregular, the top must 
be flat for a certain minimum time interval in the 
vicinity of the instant at which the amplitude is to be 
measured. If this condition is not fulfilled, the SPVM 
determines an average rather than the instantaneous 
pulse amplitude. However, the SPVM has a number of 
characteristic advantages that may be useful in applica¬ 
tions related to ours. It is of interest, therefore, to 

* For a complete description of the experimental method, as 
well as references to earlier oommuiflcations, see M. H. Johnson 
and G. T. Rado, "Ferromagnetism at very high frequendes. II. 
Method of measurement and processes of magnetisation,'’ Phys. 
Rev. n, 841-«64 (1949). 

'See, for example, Y. P, Yu, "An improved peak voltmeter for 
pulses,'’ Rev. Sd. fost 19. 447-450 (1948); and R. Rudin, "A 
dinct reading pulse length meter and shape analyser,” Rev. Sd. 
iBdt 30,461=471 (1949). 


describe the particular form of the circuit which is used 
in our experiments. 

REQUIREMENTS 

The SPVM was developed to fulfill the following re¬ 
quirements. It should be capable of measuring the 
amplitude of a positive single pulse, as well as the mag¬ 
nitude of a d.c. voltage, with an accuracy of about one 
percent without requiring calibration; if calibrated, the 
instrument should be accurate to one-half percent or 
better. The SPVM should make it possible, moreover, 
to determine the amplitude at an arbitrary instant 
within the duration of the single pulse. A/p. It is per¬ 
missible, however, to require a certain finite “viewing 
interval,” A/,, for “sampling” the amplitude in the 
vicinity of the instant m question. Since the SPVM is 
to be used primarily with pulses characterized by a 
flat top (and irregular edges), the resolution of. the 
instrument does not need to be very sharp and values of 
A/,(A/,< A/p) as large as two milliseconds are acceptable. 
The SPVM should require an input of leas than 20 
volts for full-scale deflection, and it should have an 
input impedance of at least 10* ohms. Finally, the 
instrument should not only respond to a single pulse 
but it should yield an accurate reading without re¬ 
quiring a repetition of the pulse. 

METHOD 

Hie ideal instrument for observing voltage pulses is 
undoubtedly the caUiode-ray osdlloscc^ in omjunc- 
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tion with a video amplifier. Since the time dependence 
of the voltage may be examined in its entirety, the 
sampling process previously mentioned is clearly un¬ 
necessary. For precise measurements, however, this 
method is not generally satisfactory because there are 
several serious limitations on the accuracy attainable: 
(1) siae of the screen, or rather, of the central portion 
of the screen, on the cathode-ray tubes ordinarily 
available; (2) thickness of the beam trace, particularly 
in the case of the long retentivity screens essential for 
the precise measurement of single pulses; (3) linearity 
of video amplifiers having a large voltage output. 
Although the accuracy of the oscilloscope method may 
be improved to some extent by photographing the beam 
trace,* the delay caused by developing and evaluating 
the film is an obvious disadvantage. 

The SPVM to be described here is based on a ballistic 
measurement of charge. In principle, the main circuit 
consists of a switch and a ballistic galvanometer in 
aeries with a fictitious generator. The latter represents 
the signal voltage to be measured and is assumed to 
have a finite internal resistance. The switch is normally 



Fig. 1. Circuit diagram of the single pulse voltmeter. (Resistors 
are one-half watt unless specified. Capacities arc given in micro¬ 
farads.) List of components. 


7'm. -one-half 6SL7 

AU other tubca—-one-half 6SN7 

Rte. Rib, Ru, itit—22iC 

—IK and SK potentiometers 
Rb^S.6K 
Ru. Ris—220K 
Rib, Itii—1 meg. 
i6“lSK, 10 watt 
Ri, itii—lOOK 


Rt^SK 

lOOK, I watt 
Hao, Ritb—22K, 2 watts 
/e,r“lS0K 

% 

Cl—1.0, 400 V, paper 
Cl, Cl, Ci—0,05, 600 V, paper 
Ci. Ct— 0.0001, mioa 
Cl—0.004, mica 
5—SPOT knife switch 
C“balUstlc galvanometer 


Viewing interval: A/.«2 rnmiseconds. 

Galvanometer: Leeds & Northrup Company, Model 22S5-D; sens. 3 X10**» 
«mlomb/mm, CDHX 48K, po^ 32 sec., resist. 7S2 ohms. 
fiiametiU oP^a ^ elKtroni^Uy regulated; —75_v VK-reaulated; 
transformer. 


i and Tj: «-v storage battery; filaments of Tt, T*. Tb, Tb% 6-v 


• Techniques for thcperiodic recordii^ of wnglc, fast traces on a 
cai^e-ray tube are deaciibed by H. Goldstein and P. D, Bales, 
8f ^^ hotognq>hy of the cathode-ray tube ” Rev. Sd. 


open but an auxiliary circuit k arranged to close it 
for a single, arbitrarily selected time interval^ 
whose magnitude is a consiani of the SPVM. As a re3\dt, 
a current pulse of duration passes through the gal¬ 
vanometer and causes it to deflect ballistic^y. If 
is very small compared to the period of the galvanom¬ 
eter, the deflection is proportional to the total charge 
contained in the current pulse. Since A/; is constant, 
the deflection is proportional to the average current 
amplitude in the interval A4 and thus to the average 
amplitude of the signal voltage in this interval. In 
the special case of interest, however, the signal voltage 
pulse (whose duration is A/p) has a constant amplitude 
for an interval longer than A/., so that the deflection of 
the galvanometer is now proportional to the actual signal 
amplitude. The SPVM may also be used to measure the 
magnitude of an ordinary d.c. voltage since this may be 
regarded as a special case characterized by an infinitely 
long A/p. 

% 

cmcmr 

Figure 1 shows a schematic diagram of the SPVM 
circuit. The “switch” referred to in the previous section 
is seen to be replaced by two gated high vacuum triodes. 
These tubes are used as negative feed-back amplifiers of 
the cathode follower type in order that their perform¬ 
ance be largely independent of voltage fluctuations and 
other instabilities. To obtain additional reliability, a 
bridge circuit is employed, and the ballistic galvanom¬ 
eter, G, is connected between the cathodes of two 
similar tubes, Tj. and Tu. Normally these tubes are 
cut off but an auxiliary gating circuit makes them 
operative during an interval £Uw. A voltage proportional 
to the signal is applied to the grid of one of these tubes 
Tia, and the resulting imbalance of the bridge during 
A/, is measured as a ballistic deflection of the galvanom¬ 
eter. Tb, is isolated from the signal source by means of 
the cathode follower containing Tu', a similar cathode 
follower (using Tu) completes t^ symmetry of the 
arrangement. It may be noted that resistive coupling 
only is used in this part of the circuit in order to allow 
the measurement of d.c. voltages. The bridge is bal¬ 
anced by adjusting the potentiometer Ru until the 
ballistic deflection in the absence of an input signal is 
zero. 

The method of gating Tu and Tu is probably not 
conventional although it does involve some standard 
circuits. An external source supplies a trigger to the one- 
shot multivibrator, Tu and Tu, which generates a 
pair of single rectangular pulses, or “gates,” of length 
A<,. The posiUve gate, taken from the plate of Tu, is 
inverted in the stage containing T., and then used to 
drive Tu and Tu below cut-off. As a residt, tubes Tu 
and Tu become conducting for the duraUon of 4f« 
because their grid to cathode voltages ate now above 
cut-off. In order to assure reproducible gatvanometer 
deflections, these voltages slutiild stay 
constant; it is therefore important to note 
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values during A4 are completely indefendcni of the 
properties of the gating circuit. The negative gate, 
taken from the plate of Tthy is inverted and amplified 
by r*, and then applied to the plates of Ta* and T%h 
during A/*. This process of pulsing the plate voltage on 
the cathode follower bridge may seem superfluous in 
view of the grid-gating describe above. If the plate 
voltage ifi applied continuously, however, the zero 
reading of the galvanometer is found to drift due to 
leakage currents. 

The filaments of tubes T\ and T% are heated by a 
storage battery in order to improve the stability of the 
dynamic bridge balance (during A/,) and to avoid large 
discrepancies between the electrical and mechanical 
zero of the galvanometer. An electronic regulator is 
used to stabilize the +200-volt supply whereas a VR 
tube was found to be adequate for regulating the — 75- 
volt supply. Most of the circuit components do not have 
critical values and are determined in a straightforward 
manner by tube ratings and the desired circuit charac¬ 
teristics. However, each of the resistances R\a and RAh 
should be approximately equal to one-half of the critical 
damping resistance of the galvanometer, and the con¬ 
stants of the multivibrator (particularly C®, i?u, and 
JRufc) should be chosen to produce a A/v of the desired 
magnitude. 

PERFORMANCE 

Figure 2 shows a typical response curve of the SPVM 
taken with a d.c. input voltage obtained from a battery. 
It is seen that the required input is about 0.8 volt for 
full-scale deflection («50 cm), and that the non¬ 
linearity error computed from the data is less than one 
percent of any given deflection throughout the major 
part of the range of the instrument. At small de¬ 
flections the errors are largely random errors (< 1 mm); 
at large deflections, on the other hand, the non-linearity 
of the bridge tubes becomes the limiting factor. 

The accuracy of the SPVM may be improved by 
calibration and hence a reduction of the systematic 
errors due to non-linearity and the flat galvanometer 
scale. In this case the random error predominates; it is 
due to the limited precision with which the scale can be 
read because the stability of the bridge balance is 
better than one-half millimeter for periods up to about 
m hour. By using a calibrated SPVM and occasionally 
checking the bridge balance, it is possible to measure 



Fig. 2. T>T)ical response curve of the single pulse voltmeter 
wUhoui calil^aiion; the d.c. input voltage is ootamed from a 
battery. Inset: the fractional error due to non-linearity, £^D/D^ 
as computed from three sets of galvanometer defections, D, 

the ratio of two voltages with an accuracy of better 
that one-half percent over a range of about 6 db, 

CONCLUSION 

The SPVM described in this article represents the 
latest modification of an instrument which has been in 
use since September 1946. It fulfills all the requirements 
listed in a previous section and is best suited for the 
measurement of single pulses characterized by a flat 
top. The major disadvantages are the relatively slow 
operation necessitated by the ballistic indicator and 
the requirement of recalibration upon replacement of 
tubes Ti or Ta. As implied previously, the SPVM 
may be used without modification for measuring the 
average amplitude or the total charge of a single pulse; 
it may also be used for measuring pulse length if the 
amplitude is constant. The resolution of the instrument 
may be improved by decreasing the time constant of 
the multivibrator and thus decreasing A/v. 
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Sliding Contacts to Transmit Small Signals 

' Billy M. Horton 
Navd Research Lahoroiory^ WaskingUm^ D. C. 

(Received October 7,1949) 

Measurements have been made of root-mean-square noise voltage in the frequency range 0.5 to 200 c.p.s. 
generated by contacts sliding at low speeds using four arrangements of contacting bodies and various ma¬ 
terials. Mercury with amalgamated probes gave the lowest noise levels. Some solid contacts operating with 
low friction on clean metal surfaces yielded values of generated noise below 1 microvolt at a sliding speed 
of 35 cm/sec. when two contacts were in parallel. 

The noise increases with speed and varies with norma! force. The r.m.s. generated noise voltage of a large 
number of independently mounted contacts in parallel is inversely proportional to the square root of the 
number of contacts. 


TT is often necessary in experimental work to pass an 
^ electrical signal through a rotating joint. In the low 
frequency range this usually involves actual physical 
contact between the stationary and the rotating parts 
of the system; hence when rotation takes place some 
form of slippage must occur. Electrical impulses are 
usually generated by such sliding, and this electrical 
"noise’’ must be kept well below the level of the signal 
being passed. 

Sliding contacts give rise to two main types of noise 
voltage. A contact which is carrying a sizeable current 
has variations in voltage corresponding to changes in its 
contact resistance. But even when practically no cur¬ 
rent is flowing through a sliding contact, electrical 
noise impulses still are generated by the sliding. Only 
this generated noise voltage is considered here. Its origin 
will not be discussed except to say that it is due partly 
to thermoelectric pulses from hot spots created by 
frictional heating and partly to effects of semi-conduct¬ 
ing and insulating films. Its magnitude depends upon 


Table I. Generated noise voltaffc of brushes on solid rings 
(Two i-in.Xi'in. brushes on each ring, 
sliding speed 35 cm/sec.). 


Ring «1ver 

Brush 

material 

Generated noise 
micro volts 

Normal 
force, g 


G* 

0.3 

-^50 

Clean silver 

SGI 


^50 


SG2 

2.5 

^50 


G 

0.8 

30 

Clean rhodium 

SGI 

0.5 

60 


RhG 

0.4 

50 

Clean gold 

G 

0.6 

40 

Oxidized copper 

G 

n-i^i.ob 

-^50 

Rhodium coated with 
silver sulhde 

SGI 

14 

60 

Electrographitic carbon 

G 

1.0-+9* 

900 


• Symbols: G Natural graphite brush material, SGI Silver-graphite, fine 
texture. low rilvCT ^tent. SG2 SUver-graphlte. coarse texture, high silver 
con^t, and RhG Rho^um-graphlte. fi percent rhodium by weight. 

^ Generated poise voltage on oxidised copper was initially greater thff" 
value shown; It then decreased to apprtMdmately 1 microvolt after 100 
rotatkms. 


• Initial value of noise volUge wu 
microvolts as surface became glased in 


Sf l-O mjcrovolt; this increased to 
iTOtn sliduig. 


the materials used, the conditions of their surfaces, 
speed of sliding, normal force, and the number of con¬ 
tacts in parallel. 

The generated noise voltage of a number of sliding 
contact arrangements has been measured. The condi¬ 
tions used in the work were chosen in order to find a 
suitable means for passing electroencephalograph sig¬ 
nals out through the hub of a human centrifuge. In all 
of the tests two sliding contact arrangements were con¬ 
nected in series. The sliding speed used was 35 cm/sec. 
except where otherwise indicated. 

In making^the measurements the generated noise 
voltage was first amplified by a commercial electro¬ 
encephalograph amplifier having a band pass of 0.5 to 
200 c.p.s. The signal was then fed through a cathode- 
follower type amplifier into a thermo voltmeter having a 
time constant of 1.5 seconds for increasing and 3.0 
seconds for decreasing deflection. The measuring ap¬ 
paratus had a noise voltage of 0.6 microvolt which was, 
in many cases, comparable in magnitude to the noise 
voltage generated by the contacts. It was necessary 
in these cases to make measurements of the noise 
voltage of the amplifying apparatus alone, in order 
that the average value of this noise could be eliminated 
from the measurements of the combined amplifier and 
contact noise. 

The analysis and interpretation of the data was made 
according to the method which follows. 

Let instantaneous voltage generated in the con¬ 
tacts, instantaneous noise voltage originating in 
the amplifying apparatus, and instantaneous 
total voltage of contacts and apparatus. We assume 
that Ea and Ec are independent, that E^ and Ec add 
linearly in the amplifier, and that the average value of 
each of them is zero (i.e., no d.c. component). Then 
it is easily shown that for a large numW of observa¬ 
tions 

Thus the expected value of which cannot be 
n^asured directly, can be determined from the measur¬ 
able quantities and 

An unbiased estimate of the variance oi is 


930 
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Fro. 1. Noise vs, normal force, J-in.Xi-in. rhodium-graphite 
brushes on rhodium-plated ring, speed 128 cm/scc. 


given by 

£ {£a*-<£a%P 


where n is the number of independent observations. A 
similar expression holds for the variance 0-04 e® of 
These variances can be used to obtain the 
variance ffc® of {Ec^)i„ according to the relation 

<7c*=0-a*+<rtt+e*, ( 3 ) 

which is valid for uncorrelated observations of £« and 

Ea+f 

The usual procedure used for low noise contacts was 
to take, at lO-second intervals, 20 observations of £« 
and then 20 observations of Ea+e until 100 readings of 
each had been obtained. These data were then used in 
expression (1) to determine and in expression (3) 
to determine «■«’. 

It can be seen from expressions ( 1 ), ( 2 ) and (3) that 
it is possible for a* to be larger than (£«*)*., and this was 
found to be the case with some of the materials used. 
For this reason the numerical values of generated 
voltage which are given correspond to the value 
{<£c%+2vcj* unless otherwise noted. This value is an 
upper fiducial limit on the noise voltage which is 
generated by the contacts. If it is assumed that the 
mean value (Ec*}*i follows a normal distribution, then 
the probability is approximately 0.98 that the actual 
r.m,B. values of generated noise voltage are less than 
the values given here. 

The values of generated noise voltage obtained for 
solid brushes on metal and carbon rings are given in 
Table I. Clean metal surfaces used with brushes having 
satisfactory frictional properties can yield values of 
generated noise voltage below 1 microvolt under the 
conditions used. The coarse-textured silver-graphite 
SG2 had high friction when sliding on a clean silver 
Sttrface and the generated noise cd this combination 



Fig* 2. Noise vs. number of contacts, natural graphite 
cubes between 45® beveled gold-plated rings, average weight of 
cubes 0 J g. 

was high* Several other metal-graphite brushes having 
95 to W percent metal were tried, but these invariably 
had high friction, high wear, and high generated noise 
voltage. It may be seen from Table I that metal 
surfaces covered with corrosion films give much higher 
values of generated noise voltages than do clean sur¬ 
faces* The electrographitic ring surface had a low value 
of noise immediately after sanding, but as rotation 
proceeded the surface became glazed and generated 
noise increased. 

Two types of liquid rings have been tried, one con¬ 
sisting of mercury and the other of sodium chloride 
solution. The liquid was poured into circular troughs 
which were then rotated, and contact to the rings was 
made by means of probes dipping into the liquid. 
Mercury rings with amalgamated copper probes gave 
values much below that of the measuring apparatus. 
From the dispersion in the experimental data the upper 
fiducial limit on the generated noise voltage can be set 
at 0.1 microvolt. Neither a scum of mercury sulfide nor 
a suspension of mercury sulfide in oil on the surface 
caused a measurable increase in noise when amal¬ 
gamated copper probes were submerged in mercury. 
The sodium chloride solution with either gold or copper 
probes was found to generate voltages greater than 100 
microvolts. 

In order to minimize frictional heating, a ‘‘rolling- 
ball” apparatus was tried. This apparatus consisted of 
an inner ring, beveled on its outer edge at an angle of 
45% an outer ring similarly beveled on its inner edge, 
and balls which rolled in the F-groove between the 
rings. Two of these ball races were connected in series 
and up to 63 balls were placed in each groove. The whole 
apparatus was plated with gold to minimize the effect 
of corrosion films. Despite careful cleaning, this rolling- 
ball apparatus gave high values of generated noise and 
frequently devdoped an open circuit. With 63 balls in 
each of the grooves, the generated noise voltage was 1 
microvolt 















AD of the contact combinations were found to have 
a generated noise voltage which increased with speed. 
In the case of metal-graphite brushes on clean metal 
surfaces the generated noise voltage is very nearly 
proportional to speed in the range 35 to 130 cm/sec. 

The normal force used to press the surfaces together 
also affects the amount of generated noise voltage, 
This relationsliip for rhodium-graphite 
brushes on a rhodium-plated ring is shown in Fig. 1. 
Not all materials, however, have a decreasing generated 
noise with increasing normal force. Natural graphite 
brushes on electrographitic rings, for example, showed 
an increase in noise with normal force up to the highest 
normal force used, 900 g. 

When several contacts are operated in parallel, the 
generated noise voltage is less than that of a single 
xontact. It can be shown that, for a large number of 
independently acting contacts, the r.m.s. generated 
noise voltage is inversely proportional to the square root 
of the number of contacts. In Fig. 2 values of { j * 
are plotted against number of contacts. The gold- 
plated F-groove rings were used in these measurements, 
but in place of the rolling balls, i-in. cubes of natural 
graphite brush material were allowed to slide in the 
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grooves. These cubes were able to act almost inde¬ 
pendently of each other since each was pulled down by 
its own weight, approximately 0.3 g. 

In order to get an extremely large number of ccmtacts 
coarse graphite flakes were poured into a deep circular 
trough and rings of gold-plated wire were submerged 
in the flakes. The generated noise of this combination 
is probably less than 0.12 microvolt, but the practical 
difficulty of sealing-in the mist of graphite fl^es and 
the high resistance (6 to 8 ohms) compared with most 
of the other contact devices make this arrangement 
undesirable. 

- In conclusion, it can be stated that graphite or metal- 
graphite brushes operating with low friction on clean 
metal surfaces can yield very low values of generated 
noise voltage in the frequency range considered. High 
friction or corrosion films increase the generated noise. 
The noise increases with an increase in speed and can 
either increase or decrease with a larger normal force, 
depending upon the'conditions in the rubbing surface. 
By operating a large number of contacts in parallel, a 
great reduction in generated noise voltage is possible. 
Mercury rings with amalgamated probes give lowest 
values of generated noise voltage. 
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The Gamma-Ray Counting Efficiency for a Lead-Cathode G-M Counter 

E. T. JURNEY* AND FrED MaIENSCHEIN*^ 

Indiana University, Bloomington, Indiana 
(Received August 19,1949) 

The dependence of gamma-ray counting efficiency on energy has been determined in the range 0.17 Mev to 
2.76 Mev for a G-M counter with a lead cathode. The efficiency for six energy values was found by coinci¬ 
dence measurements utilizing the di^ntegration of Au^**, Co^, and Na**. The result indicates a smooth 
increase in counting efficiency for increasing energy over the range of energies investigated. 


T he application of coincidence counting tech¬ 
niques'*^ to securing quantitative information 
about nuclear decay schemes demands a knowledge of 
the counting efficiency as a function of gamma-ray 
energy for the gamma-ray counters employed. KLnowl- 



* Now at Los Alamos Scientific Laboratory, Los Alamos, New 
Mexico. 

** Now &t NEPA Project, Oak Ridge, Tenneawe. 

1 A. C. G. MltcheU, Rev. Mod, Phys. 20, 296 (1948). 

* M. L. Wiedenbeck and K. Y. Clui, Pbyi. Rev. 72,1164 (1947). 


edge of this efficiency in fact enables one to test any 
particular proposed scheme by a simple determinatioti 
of the ratio of the gamma-gamma<omcidence rate to 
the rate of counting gamma-rays in one of the two 
counters, although such a test is not always comf^etely 
unambiguous. 

Norling* and Bradt, Gugelot, Huber, Medicus, Preis- 
werk, and Scherrer* have published gamma-ray counter 
efficiency curves for a number of different cathode ma¬ 
terials. Such a curve for counters with lead cathodes 
has been obtained for use in cmijunction with some 
coincidence experiments done in this laboratory, with 
results sdmewhat differmit from those of the pubUshod 
curves. Lead was chosen for the cathode material ip 
order to get high counting ^ciency, e^ieckdly for 
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gamma>tays having an energy of the order of a few 
hundred kilovolts. 

In the measurements to be described, the relative 
counter efficiency, i.e., that fraction counted of the 
total number of gamma-rays issuing from a source, was 
determined. We shall designate this relative efficiency 
by the ^mibol m, which indicates that the quantity is 
the product of an absolute efficiency c times a solid 
angle factor «. This procedure obviates the necessity 
for determining the solid angle intercepted by the 
counter, but requires that the solid angle be kept 
constant for all the measurements. 

The rate of counting beta-gamma- and gamma- 
gamma-coincidences arising from a particular radio¬ 
active disintegration depends directly on the counting 
efficiency for the gamma-rays which are emitted in the 
disintegrations. Thus, through the choice of simple, 
well-established decay schemes which involve gamma- 
rays with energies in the region of interest, one is able 
to deduce the counting efficiency for a wide range of 
energies. 

I. DESCRIPnOW OF THE COUNTERS 

Figrire 1 is a sketch of the counter details. The counter 
cathode is composed of a cylindrical brass jacket of 
O.S-mm wall thickness inside of which is pressed a lead 
cylinder of the same wall thickness. It is likely that 
such a cathode might be more easily constructed by 
pouring the lead into a pre-tinned brass jacket and 
machining the surface to the proper thickness. The only 
surface treatment given the cathode was a cleaning 
with organic solvents and a rinsing with distilled water. 
The effective counting volume extends for 8.0 cm and is 
2.2 cm in diameter. The counter anode is a 0.005-in. 
tungsten wire which is joined to short lengths of 
0.020'in. tungsten wire at each end for sealing. The 
customary filling mixture of 1 cm Hg of ethyl alcohol 
vapor and 9 cm Hg of argon was employed. Each of the 
five counters which were constructed displayed good 
plateaus, but their background counting rates were 
somewhat higher than those of counters with more 
conventional cathode surfaces. 

A. Cobalt 60 

Cobalt 60 (5.3 yr.) deca 3 r 8 by the emission of a single 
300-Kev beta-ray group with the subsequent release in 
cascade of gamma-rays of 1.1 Mev and 1.3 Mev^' 
energy from the resulting excited state of Ni*". From 
such a cascaded pair of gamma-rays one expects the 
ratio of the gamma-gamma-coincidence counting rate: 
to ^ rate of counting gamma-ra}rs in one of the 
counters to be 

•|t and L. 0. Elliott, Fhyt. Rev. (2,558 (194». 

*: wiiitedh, fiUifltt, and Roberts, Fhys. Rev. 88,193 (1^. 


The energies are very nearly the same, however, and 
one is justified in considering this ratio to be the same 
as that given by two 1.2 Mev gamma-rays in cascade: 

The experimentally determined value is uei.t»>(1.12 
±0.02) X10-*. 

B. Gold 198 

It has been fairly well established^ that the disintegra¬ 
tion of Au*'* is accomplished by the emission of a single 
beta-ray group which leads to an excited state of Hg^**, 
which in turn goes to the ground state through the 
release of a single 0.411-Mev* gamma-ray. The con¬ 
version coefficient a for this gamma-ray has been de¬ 
termined to be 0.025 by Peacock and Wilkinson.' For 
this simple mode of disintegration we expect the ratio 
of counting beta-gamma-coincidences to the rate of 
counting beta-rays to be 

Nffy iV,(l-a)F(0)«*.*n 

--=»0.95<o€.4ij, 

Nil NoF(0)(l+a) 

where F(0) is the fraction counted of the electrons 
emitted by the source with no absorber before the 
beta-counter, amd No is the disintegration rate of the 
source. 



Flo. 2. Lead absorption curve for the gamma-rays from Cd***. 


' E. T. Jumey, Phys. Rev. 74,1049 (1948). 

• DuMond, Lhid, and Watson, Phys. Rev. 72,1271 (1947). 

*C. L. Peaoo^ and R, G. Wilkinson, Phys. Rev. 74, 1250 
(1948). 
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Ouonlum Entrgy (M«V) 

Fia. 3. Relative gamma-ray counting efficiency at 
as a (unction of eneigy. 


One thus finds the relative efficiency for counting 
0.411-Mev gamma-rays from a measurement of the 
beta-gamma coincidence rate. The quantity F cancels, 
furthermore, and the result is therefore independent of 
absorption or counting efficiency for the beta-rays. 

In order to register beta-gamma-coincidences, one of 
the gamma'-ray counters was replaced by an end- 
window type counter which had good transmission for 
the beta-rays. The resulting value for w€. 4 ii was 
(0.736±0.01)X10-». 

C. Indium 111 

Indium 111 undergoes if-capture and the resulting 
Cd“‘ reaches the groimd state by emitting in cascade 
gamma-rays of 0.17 Mev and 0.25-Mev‘® energy. 

In this low energy region the dependence of relative 
efficiency on energy is likely to be aitical, and one 
would l^e to be able to establish a point on the effi¬ 
ciency vs. energy curve for each of the gamma-rays. 
On the customary lead absorption curve the ratio of 
the counting rates for the two components at the initial 
p>art of the plot gives the efficiency for counting one of 
the gamma-rays relative to the efficiency for counting 
the other, if it is assumed that both gamma-rays are 
present in the same abundance. Actually, Boehm, 
Huber, Marmier, Preiswerk, and Steffen” report in¬ 
ternal conversion coefficients of 0.09 for the 0.17-Mev 
gamma-ray and 0.042 for the 0.25-Mev gamma-ray. 
Figure 2 shows the lead absorption curve which was ob¬ 
tained; the ratio of the initial intensities is 1.30, and 
after correcting for internal conversion one finds that 
we.ai>»1.23«c,i7. The ratio of the rate of counting 
gamma-gamma-coincidences to the rate of counting 
gamma-rays in one of the counters is for this case: 

Nyy 2((i>(,i7)((tfc.ti)X0.9lX0.938 

1.15(ii<,i7. 

Ny Q.91(t)f.i7-f-0.9S8(tfc,ii 

wj.M.Corik and J. L. Uw»n, Phya. Rev. M, 291 (1939). 

» fioehm, Bober, Marmier, Praismrk, and SteSen, Helv- Pbys. 
Acta 22, 70 (1949). 


The value of Nyy/Ny was found to be (0.328db0.01) 
XIO^; from it we obtain «€,n»“(0.285db0.03)Xl0^ 
and we.»-(0.3S0±0.03)X10-*. 

D. Sodium 24 

Sodium 24 decays with the emission of a single beta- 
ray group of 1.39 Mev, and the resulting Mg** nucleus 
emits two gamma-rays with 1.38 Mev and 2.76 Mev 
energy.** The exp>ected gamma-gamma-coincidence ratio 
for the two gamma-rays is thus: 

Nyy 2((i)Ci,n)((e<s.7f) 

N y WCt.ts-f-W(i.7t 

The energy of the 1.38-Mev gamma-ray is near the 1.2- 
Mev value for which the efficiency was measured 
through the disintegration of the Co*®, and one exp>ects 
the efficiency difference to be corre^ndingly small. 
Making use of the value of the efficiency at 1.2 Mev, as 
a first approximation, and the measured value of 
Ar.,.,/A%=(1.49±0.03)X10^, the efficiency for 2.76 
Mev was determined as 2.23X10^. This value of the 
efficiency, together with the ones at 0.411 Mev and 
1.2 Mev, determines a straight line. Therefore, the 
efficiency at 1.38 Mev c:an be more closely estimated and 
that at 2.76 Mev can be recalculated on the basis of the 
better approximation at 1.38 Mev. The efficiencies 
determined in this way are (1.22db0.02)X10~* 

and a>«t.7«“(I.91±0.05)X10-*. 

n. DISCUSSION 

The complete curve of efficiency vs. energy is shown 
in Fig. 3. The shapie of the upjpier pwrtion of the curve 
(above 0.5 Mev) agrees quite well with that obtained 
by Bradt e( al.* but there is marked dbagreement in the 
low energy region. The Swiss group also made use of the 
disintegration of In'” in this region and found a sharp 
increase in efficiency for decreasing energy below about 
0.5 Mev. This discrepMincy in the results mig^t be ex¬ 
plained by the presence of a snudl amount of the pwsi- 
tron-emitting activity of In'®* in the source used by 
Bradt el al. for gamma-gamma-coincidences produced 
by annihilation radiation would occur at a rate which 
was greater by a factor of 1/w than the coincidences 
produced by two 0.51-Mev gamma-rayrs in cascade, 
"^e quantity 1 /u amounts to about ten in the conven- 
Uonal coincidence counting geometry. This *^xp|nncit i on 
is contradicted, however, by the foct that their 
absorption curve indicates a higher efficiency for count¬ 
ing the 0.17S-Mev gamma-cay than it does for counting 
the 0.25 Mev one. 

pie authors ue indebted to Professor A. C. G. 
Mitchell, who initially suggested the investigation and 
who gave valuable suggestbns during the course of the 
work. This research was assisted by the joint pnxnm 
of the ONR and the ABC.' 

K. Stagbalm, Wyi, R*v.», 127 (1946), 
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A Secondary-Emission Electron Mult^lier Tube for the 
Detection of High Energy Particles* 

Robert P. Stone 

RCA Laboratories Divisiont Radio Corporation of Americat Princeton^ New Jersey 
(Received September 2, 1949) 

The requirements of high gain and low background current in an electron-multiplier tube for the direct 
detection of high energy particles are considered. The design and construction of an experimental electron- 
multiplier tube with a stable over-all gain of at least 10* and a background at room temperature corre¬ 
sponding to three or four electrons per minute released at the input is described. An 0.0008-inch thick 
nickel window is provided in the envelope to admit the high energy particles to the multiplier. The 
efficiency of this device is compared quantitatively with that of a Geiger tube as a detector of beta-particles. 
It is found that the over-all l^ta-parlicle counting efficiency of the tube is of the order of 1.3 percent, and 
that the efficiency of the oxidised silver magnesium target surface is 4.9 percent for a uranium source and 
6,0 percent for a strontium source. 


I. INTRODUCTION 

T he main purpose of this investigation was to 
determine the feasibility of using a high gain 
secondary-emission electron-multiplier tube directly as 
a detector of high energy particles, particularly beta- 
particles, and to determine quantitatively the efficiency 
of its operation. 

The use of electron multiplier tubes as detectors of 
high energy particles has been reported in the litera¬ 
ture, but only in a rather qualitative form. Z, Bay^ ® has 
described briefly the use of the electron multiplier tube 
in counting photons and gamma-rays, and he has 
described in more detail* the application to alpha-, 
beta-, and x-rays. Bay reports* that he was able to 
count every alpha-particle and “perhaps*’ every beta- 
particle. The efficiency of counting gamma- and x-rays 
was about that obtainable with an ordinary Geiger- 
Mliller counter. 

J. S, Allen* has applied the electron multiplier to the 
mass spectrograph for counting of positive ions and 
electrons. He alw reports* using a multiplier tube as 
an alpha-particle detector with near 100 percent effi¬ 
ciency. More recently, Allen has described® an electron- 
multiplier particle counter applied to an electron spec¬ 
trometer and as an alpha-particle detector. 

In an effort to minimize unwanted currents in their 
high voltage apparatus, Trump and van de Graaff^ 
have made on experimental study of the secondary- 
emissbn ratio of several metals with primary electron 
vdk>cities in the range of 30 to 340 kilovolts. Their 
data seem to indicate that the secondary-emission 

* This rqport contaius material presented as a thesis for the 
Doctor of Fhilos^hy Degree in Electrical Engineering at Frinoe- 
ton University. The work was performed at RCA Laboratories 
in Princeton under the jc^t supervision of RCA and Prmceton 
University. 
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ratio is roughly inversely proportional to voltage in 
this region, being 0.12 for tungsten and 0.05 for alumi¬ 
num at 300 kilovolts. The secondary-emission ratio is 
here defined as the ratio of the number of low velocity 
secondary electrons to the number of incident primary 
electrons. 

From an extrapolation of Trump’s data into the 
megavolt region it might be guessed that a secondary- 
emission beta-particle detector would have only a few 
I>ercent efficiency, due to the small probability that 
an incident beta-particle would release a low velocity 
secondary electron. In a recent survey article on count¬ 
ing techniques Corson and Wilson* state: “With beta- 
particles the average number of secondaries per inci¬ 
dent particle is small—. The result is a low counting 
efficiency for beta-particles, although quantitative data 
are not available.” These quantitative data were sought 
in this investigation. 

n. RSQUmSMENTS OF THE MULTIPLIER ^E 

It is necessary for satisfactory detection of high 
energy particles that the electron-multiplier tube have 
sufficiently high gain and sufficiently low background 
noise that the incidence of a single electron at the 
input can be detected. 

Assuming a secondary-emission ratio of greater than 
unity, the gain may be made as large as desired by 
using a sufficient number of stages. With a twelve- 
stage multiplier a stable gain of at least 10* was readily 
obtained. 

The factor limiting the amount of gain which may be 
employed is the noise or “dark current” of the multi¬ 
plier. Rajchman® has made a careful anal)rsis of the 
sources of dark current in electrostatic electron multi¬ 
pliers. He lists the following as the main causes of dark 
current: 

(1) ofansic leakage to the collector circuit, 

(2) the effecta of ionisation of the reridual gas, 

*D. R. Coraon and R. R. Wilson, Rev. Sd. Inst 19, 207 
(1948). 

A Rajchman, Arc. des Sd. Phys. et Nattudles, Se periode 
20 $^tembeH>ecember, 1938). 






^ field aniidon finm the oonducton witUn the tube, 

(p tbenafonic einiuion of the etectrodee. , 

TTie collector S3nstem must be appropriately designed, 
in both the internal tube structure and the external 
dnmit, so as to minimize ohmic leakage. If present, 
this leakage may cause not only a varying d.c. com¬ 
ponent of the background current but also spurious 
pulses due to rapid fluctuations. 

If there exists physically within the tube a direct 
path from output to input it may be possible to main¬ 
tain a continuous current flow within the tube with no 
external excitation, due to ion feedback. The residual 
gas may be ionized by the electrons as they follow their 



FiO. 1. Outline of tube structure and electron paths. 


normal paths through the multiplier. The positive ions 
so formed will tend to travel backwards in the multiplier 
structure from output toward input, releasing secondary 
electrons at the input if they strike the target surface. 
They thus constitute a positive feed-badc link, which 
could be triggered by any residual electrons in the 
multiplier. Therefore, the tube design should be such 
as to best isolate the output from the mput. 

Field emission will occur at the surface of a conductor 
when the potential gradient is sufficiently large. It is 
thus necessary to physically design the Qiultiplier 
structure to minimize the potential gradients, and to 
eliminate any sharp edges or projections from the 
parts at points of high gradient. 

The foregoing causes of dark current may be reduced 
to a negligibly small value by exercising sufficient care 
in des^ and construction <A the multiplier tube. The 
thermionic emission of the tube electrodes is, however, 
& fundamental limitation. This follows the standard 
Ridhardson equation for temperature-limited thermionic 
emission, with the temperature of the emitter being 


si^foxiinaUfy spom teupexature. tf the number df 
dectrons rdteased at room teoDperature ia to be no 
greater than Xtsa per minute, the work function of the 
emitting surface must be greater than 1.0 to 1.5 voUs. 
For many of the commercially used secondary-endasum 
surfaces the work function is considerably less than 
one volt. Thus the material fat the secondaiy-enusuon 
surfaces must be selected with care. 

If one must use a material of low work function for 
the secondary-emission elements, it is possible to reduce 
the thermionic mission by cooling of the multiplier 
structure. In a 931-A multiplier photo-tube, R. W. 
Engstrom'" found that the room tmperature thermionic 
emission from the first stage was of the order of l(l~'^ 
ampere. This is equivalent to about 10* electrons per 
minute. By cooling the tube to liquid air temperature 
the background count was reduc^ to about ten per 
minute. 

WhOe cooling of the multiplier tube may be practical 
in some cases, there^may be experimental arrangements 
in which this would not be posdble. Thus the use of a 
secondary-emitter material with a high work function 
is the more desirable solution to the problm. 

m. DESIGN OF THE MULTIPLIER TUBE 

Aside from the consideration of the general require¬ 
ments of a high gain multiplier tube and the mechanical 
problms involved in its actual assembly, the main 
design problm is one of determining suitable electron 
optics. There are two general methods of accomplishing 
the proper focusing of electrons from stage to stage: 
by the use of either magnetic or electrostatic fields. In 
either case the electrons follow the paths indicated by 
simple ballistics. 

In designing an electrostatic multiplier structure it 
is most useful, if not essential, to be able to predict the 
electrostatic field due to a given configuration of elec¬ 
trodes and the motion of an electron in this fidd. There 
are several quite useful experimental methods of de¬ 
termining electrostatic fields and electron trajectories. 
These are described in some detail by Zworykin and 
Rajchman*' in their article on the development of the 
electrostatic electron multiplier. 

The rubber model is a convenient ’experimental 
method which solves simultaneously the potential dis¬ 
tribution and trajectory fwoblems. Elevation on a 
suitably stretched rubber mmbrane corre^nds to the 
potential field withm the tube, and the trajectory of 
small balls are similar to the electron paths. 

Tbe rubber moddi technique was used in the devdop- 
ment of the electrode structure for the multiidier tiffie 
used in these experiments. For the main mult^ier 
chain it. was decided to use a deugn known as the 1,16 
element which bad previously been devdoped by 
Rajdunan for high gain, low dark currort applkaticms. 

u R. W. pigBttain, J. Opt. Soc. Am. S7,430 (1947). ^ 

, “ V< Zworykia and J. A. Rajclu^ Proc. LJLe. SSfi 
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In the design of the input intern it is demred that a 
target as large as possible be exposed to the bcident 
radiation, and that all secondary electrons originating 
at this target be focused into the multiplier chain. It is 
also necessary in the design of the input system to take 
into account the thin window in the vacuum envelope 
which admits the high energy particles into the multi¬ 
plier. It is desired that any low velocity electrons which 
mi^t be released at the inner surface of the thin 
window would also be directed into the multiplier 
chain. Thus each incident particle would have two 
opportunities to be detected, one by the release of 
secondary electrons as it passed through the window 
and another as it struck the target. The structure de¬ 
veloped presents a useful target area of 0,8 square 
inch. 

In the design of the collector electrode, it is desired 
to collect all the electrons from the last multiplier 
element, and not to disturb too badly the electron 
trajectories between the next-to-last and the last ele¬ 
ments. Also, the collector should physically close the 
end of the multiplier chain, to minimize the possibility 
of ion feedback. Since the signal currents involved in 
this application are quite small it is not necessary to 
consider the effect of changing collector potential due 
to the ohmic drop caused by the signal current flowing 
in the load resistor. If this were not negligibly small, 
a much more complex collector system would be re¬ 
quired to obtain a pentode characteristic. 

Hie outlbe of the complete tube structure is shown 
in Fig. 1, together with the approximate electron paths. 
While the tube was designed for ready fabrication, it 
should be emphasized that it is entirely of an experi¬ 
mental nature and not available commercially. 



FtG. 2. Internal structure of mult4>Her tube. 

IV. CONSTRUCTION OF THE MULTIPLUR TUBE 

details of the mechanical structure of the tube 
Ota also be seen in Fig, 1. A photograph of a sample 
iuWaal structure is shown in Fig^ 2. A photograib of 
a cc^pieted tube is shown in Fig. 3. 

multiptkpr electrodes are supported between 


ceramic rods, which extend through drilled holes in 
mica sheets on either side of the mount, so that the 
multiplier assembly fa completely enclosed. The input 
system and collector electrode are supported by wires 
which also pass through the mica sheets. The entire ' 
assembly is supported from an 18-lead stem by die 



Fig. 3. Completed tube for beta-particle detection. 

connecting leads. The width of the mica sheets and 
the length of the ceramic rods are so proportioned 
that the assembly will fit snugly inside the cylindrical 
envelope and thus be held together. 

The target electrode and all the multiplier elements 
are made from 0.005-inch thick silver-magnesium sheet. 
Silver-magnesium was chosen for the secondary emission 
surfaces because of the stability of its secondary 
emission characteristics and because of the fact that it 
may readily be preprocessed (oxidized) before assembly. 
The preprocess^ elements are relatively insensitive to 
exposure to dry air; in fact this type of element is quite 
useful in a demountable system. After the preprocessed 
elements are assembled, no additional activation is 
required. The tube is simply baked for degassing, and 
sealed off. 

The remaming electrodes, namely the deflecting elec¬ 
trode in the input system and the collector are made of 
0.005-inch thick cupro-nickel, a 70-30 copper-nickel 
alloy. The supporting wires for the input system and 
collecting electrode, as well as the connecting leads to 
the stem for all the electrodes, are made from nickel- 
chromium alloy wire (nichrome). 

In the final tubes a copper envelope assembly was 
used. A copper shell was diosen because it would form 
a heavy, non-magnetic, light-tight shield. The side arm 
cylinder and cup were drawn from cupro-nidcel sheet. 
The copper envelope assembly was made by silver 
soldering the various parts together in a hydrogen 
furnace. As a final stage in preparmg the envelope, the 
cup containing the thin window is silver soldered into 
the arm of the envelope by RF heating in an atmo^>here 
of hy^gen, 

A gold diffurion seal was chosen for the final seal 
because it eliminates the posribility of oontammation 
by aeaUng flames. Hiia is thought to be a very necessary 
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precaution in order to secure reproducible results with 
the secondary emission surfaces. Kovar was chosen as 
the base metal for the seal flanges because of the 
necessity of matching the thermal expansion of the 
adjacent glass section of the stem. It is possible to 
copper plate the Kovar and make the usual gold-to- 
copper diffusion seal to the copper plating.“ In the 
final assembly of a tube, massive clamps are arranged 
to squeeze a ring of gold wire between the copper 
plated Kovar sections. The clamps contain a krge 
copper section whose expansion on heating will increase 
the pressure on the gold ring. The actual diffusion of 
the gold into the copper is effected as the tube is baked 
out on the exhaust pumps. 

A copper pinch-off tubulation was chosen to eliminate 
the possibility of contamination from gas released in 
the usual glass tip-off. In effecting the pinch-off, the 
copper tubulation is simply squeezed under great pres¬ 



sure until it is pinched in two. If the surfaces are clean, 
a vacumn tight seal invariably results. 

After the main features of the design had been worked 
out as outl ined above, there atUl remained the problem 

"law, Whallqr, ud Stone, RCA Review % 643 (1948). 


of mounting a suitable thin window in the wall of the 
tube envelope for the admission of the beta-particles. 
The requirements on this window are twofold: that it 
be such that the high energy beta-particles may readily 
pass through it, and yet sufficiently strong mechanically 
to form part of the vacuum envelope of the tube. 

The first requirement implies that the product of 
thickness times density be a minimum for the material 
used for the window. The second requirement implies 
that this thin foil be sufficiently strong mechanically 
to withstand evacuation, and rugged enough to form a 
reliable portion of the tube envelope. It is al^ necessary 
, that the thin foil be capable of being suitably sealed to 
the envelope assembly, and moreover that it be capable 
of withstanding a bake of 450°C while evacuated. 

For similar applications in Geiger tubes windows of 
thin mica or aluminum are used. They are usually 
clamped or waxed in place. Neither of these techniques 
would be satisfactory for the present tube. Grade A 
nickel was available in sheets 0.0008 inch thick. Disks 
of this material are readily silver soldered into the cupro¬ 
nickel cups in a hydrogen furnace. The windows so 
formed withstand evacuation and baking without oxida¬ 
tion and have shown no tendency to leak or rupture. 
The unsupported area of this window is | inch in 
diameter. 

Thus from the mechanical standpoint the nickel 
windows seem to be entirely satisfactory; they are 
quite easily fabricated and require no special techniques 
in handling. From the standpoint of transmission of 
beta-particles, the nickel should be slightly inferior to ’ 
the aluminum. The thickness-density product for the 
0.0008-inch thick nickel window is 0.0178 grains per 
square centimeter. This should just pass 130 kv beta- 
particles. This is a sufficiently low value for the tests 
contemplated. Therefore, because of their satisfactory 
mechanical properties the 0.0008-inch thick nickel 
windows were used on the tubes intended as beta- 
particle counters. 

V. TESTS ON THE MULTIPLIER TUBES 

The first two tubes constructed had substituted in 
place of the thin window a header containing leads 
which supported several small tungsten filaments just 
inside the envelope. By heating these filaments it was 
possible to introduce electrons into the structure as if 
they were originating at the back of the window. By 
this means it was possible to study the behavior of 
the multiplier and to measure its over-all gain. Iliis is 
plotted in Fig. 4, together with the d.c. background 
current. This d.c. background was determined to be 
largely ohmic leakage to the collector system. 

Froifa the test data it was deterged that the 
secondary emission ratio was quite constant from stage 
to stage in the multiplier. The variation with voltage 
of the secondary emission ratio of the oxidised silver 
magnesium surfaces is {dotted in Fig. 5. 

Having thus detera^ed the d.c. cbaractMistics of 
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the multiplier, the possibility of detecting single elec¬ 
trons as its input was next investigated. The total 
charge deposited on the collector by a pulse originating 
as a smgle electron at the input will be the charge on 
the electron times the gain of the multiplier. The voltage 
pulse developed at the collector will be the quotient of 
this total c^rge divided by the capacity of the col¬ 
lector system. In order to avoid addmg any cable 
capacity to the output capacity, a cathode follower 
stage was connected directly to the load resistor and 
all further observations made at the output of the 
cathode follower. 

With the cathode follower in place the measured 
total output capacitance of the multiplier was IS.S-10“** 
farad. Thus with a multiplier gain of 10* a single 
electron should produce about a 0.1-volt pulse at the 
output. This could be readily observed with an ordi¬ 
nary laboratory oscilloscope containing an amplifier. 

When the system was set up under these conditions 
and the filaments at the input heated slightly, a random 
“rain” of pulses of about the expected amplitude was 
observed on the oscilloscope. When the heating current 
was removed from the filaments it was found that there 
was still a scattering of pulses due to photoelectric 
emissbn caused by light entering the glass portions of 
the envelope. As these glass portions were progressively 
shielded the number of pulses decreased until with the 
structure in total darkness the background rate was 3 
or 4 pulses per minute. 

From the preceding tests it was concluded that the 
sensitivity of the multiplier was adequate to detect 
smgle electrons at its input, and that the number of 
backgroimd pulses was sufi^ciently low to permit room 
temperature operation. 

In all, three tubes were assembled using the 0.0008- 
inch thick nickel window for the tests of eflficiency of 
counting beta-imrticles. 

The radioactive sources available were a small piece 
of uranium metal and a sample of strontium 90. Both 
of these are beta-emitters which are relatively free of 
other forms of radiation. The uranium source has a 
q)ectrum made up of several components with a maxi¬ 
mum energy of 2.3 Mev. The spectrum of the strontium 
has a maximum at 0.3 Mev and a high energy cut-ofif of 
2.4 Mev. The incident intensity of the sources was 
checked by observing the response of a thin mica 
window Geiger tube when given the same ^posure as 
the window of the multiplier tube. 

When the sources were placed before the window of 
the multiplier tubes pulses were observed at a rate 
considerably above the background pulse rate. These 
were analyzed with the aid of a pulse height discrimi¬ 
nator and recorder. As the cut-off bias on the dis¬ 
criminator circuit was lowered, more and more pulses 
would have sufficient amplitude to be recorded within 
a given period of time. Thus a distribution curve of 
pube hei^t verms the number of pulses having this or 
gMter hdght may be obtained. 



Fig. S, Variation of secondary emission ratio with voltage. 


The data were taken under two different conditions 
of test. The first was the normal connection in which 
low velocity electrons could be focused from both 
window and target. In the second the window was 
biased positive with respect to the target, so that no 
low velocity electrons would be focused from window 
to target. In this second condition the contribution from 
the target surface alone can be analyzed. Representative 
distribution curves are shown in Fig. 6. 

From data of this sort the beta-counting efficiency 
may be readily determined. From the data one must 
assign some numerical value for the total number of 
counts observed for each curve. The number arbitrarily 
assigned to each curve is its intercept with the zero 
pulse height axis. This choice assumes that the observed 
distributions may be extrapolated to zero amplitude, 
and counts all pulses of greater than zero amplitude. 

The over-all efficiency of the tube with the normal 
connection is defined as the ratio of the number of 
counts recorded by the multiplier tube to the number 
of beta-particles entering the window, the source being 
at a distance of 0.5 inch from the window. This over-all 
efficiency of the multiplier tube with the normal con¬ 
nection is: 

Strontium Uranium 

Tube source source 

No. 3 1.1 percent 1.6 percent 

No. 5 1.1 percent l.S percent. 


For the window-biased-off condition, the efficiency 
of the oxidized silver magnesium target surface is 
defined as the ratio of the number of counts observed 
with the multiplier to the number of beta-particles 
striking the active area of the target, the source being 
0.5 inch in front of the window. This target efficiency 
is calculated to be: 


Strontium 

Tube source 


Uranium 

source 


No. 3 6.1 percent 4,7 percent 

No. 5 5.9 percent 5.1 percent 
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The target efficiency tabulated above is perhaps the 
more significant smce it is a property of the target 
material itself, while the over-all efficiency is affected 
by scattering and solid angle dispersion between the 
window and target, and is thus a function of the par¬ 
ticular geometry used. 

Hie third thin window tube suffered a mechanical 
mishap during assembly and while its tests tended to 
confirm the results obtained with the other tubes they 
could not be placed on the same quantitative basis, 
and were thus omitted from the tabulation above. 



Fio. 6. Representative distribution curves for radioactive source. 


The results with the various tubes are thus m good 
agreement, and moreover the secondary emission gain 
was quite uniform in all the tubes constructed. 

VL FURTHER TESTS AND CALCULATIONS 

In all the pulse height distribution data at hand it 
appeared that the experimentally observed points 
could be reasonably well fitted by a straight line on 
the semilogarithmic plots presented. This would indicate 
an exponential pulse height distribution curvd. This is 
not the form of distribution curve expected from an 
electron multiplier, which should show a leveling off at 
low pulse amplitudes.^* Tests were then carried out to 
examme more carefully the shape of the observed dis¬ 
tribution curves, and to determine why they were not 
of the expected shape. 

First, the gain of the pulse an^lifiers ahead of the 
pulse height discriminator was increased so that the 
fixed range of the discriminator was effectivdy shifted 

«G. A. Morton and J. A. Mitek^ RCA Review 9, m (IMS). 


into the repon of smaller pobe am{ditude. The dis¬ 
tribution curves obtained in this manner for the low 
amplitude pulses fitted smoothly onto the curves al¬ 
ready presented, but instead of indicating any leveling 
off at low pulse amplitudes, showed that the observed 
curves actually rose a bit more steeply than an expo¬ 
nential at low pulse amplitudes. 

Pulse height distribution measurements were then 
made on one of the early tubes with tungsten filaments 
at the head end, using the thermionic electrons as the 
input to the multiplier. It was then reasonably certain 
that the input thermionic electrons were striking only 
the target electrode, and that the observed output 
pulses were all originating at the target electrode. Ibe 
pulse height distribution curve then showed the leveling 
off for low amplitude pulses, as would be expected for 
excitation coni^ed to a single stage. 

Tests were then made with essentially uniform excita¬ 
tion of all the stages of the multiplier. One of the early 
tubes had a glass ^tion in its envelope. This was 
strongly illuminated,' and the light was scattered 
throughout the interior of the tube by its bright internal 
parts. Pulse height distribution measurements were 
then made of the photoelectric pulses thus produced by 
the uniform excitation of all stages. The curve was the 
same shape as that for the radioactive samples for 
pulses of greater amplitude than the average pulse 
height. For decreasing pulse amplitudes, the curve rose 
rapidly as the contributions of successive stages of the 
multiplier became evident. 

This is similar in form to the curves observed with 
radioactive excitation, although in this latter case the 
rise is not as steep as would be expected for uniform 
excitation of all stages. This suggests that in the radio¬ 
active case the main contribution is coming from the 
target (with the window-biased-off connection) but 
that there is some scattering of the primary particles 
to the foUowmg stages. That this scattering exists was 
verified by setting up the input system in air and meas¬ 
uring the mtensity of scattered particles at the position 
of the multiplier stages by means of a Geiger tube. By 
this measurement it is estimated that 20 percent as 
many particles may strike the following stages of the 
multiplier as strike the target. 

For the tubes under study it is difficult to arrive ait a 
definite quantitative estirrutte of the detailed form of 
the target distribution curve from the observed window- 
biased-off curves. The factors involved are the pro¬ 
portion of the incident particles which strike the active 
region of each of the successive multiplier stages, and 
the efficien<y of rdease of low velocity secondaries at 
each of these surfaces. However, the form of tiie ob¬ 
served distribution curves is now understandable. 
Because of this effect it is estimated that tihe true tat|^ 
effickmcy may be as much as 20 percent bdow that 
indicate by the calculations ba^ on the linear 
extrapolation. By the same reasoning the 
efficimuy the mdtqdkr may 1^ as much IS' 
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percent hi^er than the value indicated by the linear 
extrapolation. 

From the foregoing analysis it seems reasonable to 
assume that the linear extrapolation to zero amplitude 
of the observed data for the window-biased-off condition 
will indicate approximately the total number of low 
energy electrons which come off the target surface. It 
should be possible to verify this number if the nature 
of the energy distribution of the radioactive source is 
known and if the variation of secondary emission ratio 
of the target with incident energy is known. 

From data recently published by Meyerhof** the 
distribution of relative number of particles per in¬ 
crement of energy for the strontium source may be 
determined. The area under this curve is proportional 
to the total number of {articles emitted from the source 
in a given time. Knowing the total number of counts 
observed with a Geiger tube, a scale of number of 
counts per unit increment of energy may be assigned. 
Thus, with this correlation, the number of incident 
particles per unit time at any given energy may be 
determined. 

On a more detailed analysis of Trump’s* data on the 
ratio of low energy secondary electrons to high energy 
primaries it was found that this secondary emission 
ratio appeared to be roughly inversely proportional to 
primary voltage in the high energy region. Also from 
Trump’s data it was observed that a smooth curve was 
obtained on plotting the secondary emission ratio due 
to high energy primaries (at say 300 kv) against atomic 
number, the ratio increasing with increasing number. 
In this manner the secondary emission ratio at 300 kv 
was estimated to be 0.04 for magnesium and 0.09 for 
silver, and their variation with primary energy was 
assumed to be similar to that of the other materials 
measured by Trump. 

Since these secondary emission ratios are less than 
unity, they may be interpreted as the probability that 
a primary particle will release a low energy secondary 
electron. Curves were thus deduced for the variation 
with ener^ of Uie number of primary particles, and of 
the variation with energy of the probability of releasing 
a secondary. If the product of number of primary 
particles times the probability of release of a secondary 
is summed point by point throughout the energy 
spectrum, the total number of counts expected per unit 
time would be determined. 

By this method it was computed that, if the target 
weK ali silver, IdOO counts should be observed in the 
lOO second interval, when the multiplied tube was ex¬ 
posed to the strontium source in the window-biased-off 
condition. If the target were all magnesium about 730 
ooitnti would be expected under like conditions. The 
tuig/et is a mixture of silver and magnesium, and while 
^ exact mechwism of release of secondary electrons 
is not known, it is at least certain that tito primary 
praetrate into the bulk of the material. 

; ' . . • 
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Thus the observed number of counts/'^^SOO, is between 
the computed extremes, and is thought to be a reason¬ 
able correlation. This indicates that the present deter¬ 
mination of secondary emission ratio due to beta- 
particle excitation is in agreement with the data 
obtained by Trump on the secondary emission ratio 
with excitation by thermionic electrons accelerated by 
a van de Graaff generator. 

vn. CONCLUSIONS 

One of the initial objectives was the design and 
construction of an electron multiplier tube with suffi¬ 
cient over-all gain and sufficiently low background 
current so that single electrons released at its input 
mi^t be detected. Having such a structure it was 
desired to mount a suitable thin window in its envelope 
to admit the beta-particles so that a sealed-off vacuum 
tube could be constructed. It may be said that all of 
these requirements were satisfactorily met by the tubes 
constructed. 

Having this tool available, it was desired to determine 
quantitatively the efficiency of the electron multiplier 
in directly counting beta-particles. The results obtained 
from tests on three tubes with two different beta- 
particle sources are in good agreement. It is indicated 
that the over-all beta-particle counting efficiency of 
the electron multiplier tube is of the order of 1.3 per¬ 
cent. The efficiency of the oxidized silver magnesium 
target surface appears to be 6.0 percent for the stron¬ 
tium source and 4.9 percent for the uranium source. 
It is to be expected that the efficiency be higher for 
the strontium since it has stronger low energy com¬ 
ponents, and the secondary emission ratio is decreasing 
for increasing energy. The over-all efficiency is lower 
than the target efficiency because of solid angle dis¬ 
persion and scattering within the tube between the 
window and the target. The target efficiency is a basic 
property of the material while the over-all efficiency is 
a characteristic of the particular tube structure em¬ 
ployed. 

This tube should be useful in applications where its 
low efficiency is not disadvantageous, such as high 
level monitoring. It should be particularly useful in 
monitoring high intensity radiation because it does hot 
“block” at very high counting rates, but gives a steady 
output current whose magnitude is proportional to the 
intensity of radiation. This tube should also be useful 
where a very low background count is essential. In a 
demountable S 3 ^tem, the multiplier structure could be 
inserted directly into the vacuum chamber without the 
intervening window and measurements made of all 
particles with energy of a few hundred volts or greater. 

In conclusbn, it is a pleasure to acknowledge the 
advice and helpful criticism from Professor C. H. WUlis 
and the late Professor H. C. Rentschler of the Depart¬ 
ment of Electrical Engineering, Princeton University 
and fromDm. I, Wolff, E. G. Linder, and C. W. Mueller 
of ffie RCA Laboratories staff. 



TH8 REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME JO. NUMBER 12 DECEMBER, 194» 

A High Resolution Scale-H)f-Foiir 

VAt FrrcH 

Pupin Pkysks Lahorolories, Columbia UnimsUy, Now York^ Nm York 
(Received S^tember 14,1949) 

A high resolution scale of four has been developed to be used in conjunction with the nuclear partide de¬ 
tection devices in applications where the counting rate is unusually high. Specifically, it is intended to precede 
the commercially available medium-resolution scaling circuits and so decrease the resolving time of the 
counting system. The circuit will function reliably on continuously recurring pulses separated by less than 
0.1 psec. It will resolve two pulses (occurring at a moderate repetition rate) which are traced at 0.04 Msec. 

A five-volt input signal is sufficient to actuate the device. 


INTRODUCTION 

H£ development of ampUfiers of great band 
width and the use of inherently fast detection 
devices in the nuclear physics laboratory has empha- 
sbed the need for high resolution counting systems. 
In particular, counting equipment capable of resolving 
several events per microsecond is highly desirable in 
experiments performed with pulsed particle accelerators 
such as the Columbia synchrocyclotron. The present 
scale of four was devised to meet this requirement, 
Accepting signals from a pulse-height discriminator or 
“Icvel-setterV^ the circuit, with its resolution time of 
Jess than 0.1 /usee., will normally provide sufficient 
^‘smoothing*’ of random pulse inputs^ to drive the com¬ 
mercially available 5- to lO/usec. scaling units with a 
low counting loss. While designed primarily for use with 
nuclear particle detectors, the basic scale-of-two circuit 
is useful in other counting applications—e.g., counter 
chronographs, electronic computers, etc. 

CIRCUIT CONSIDERATIONS 
The scale of two in the present scaling circuit is a 
version of the familiar Eccles-Jordan trigger circuit. 


The selective diode switching, which Higinbotham 
found highly successful, is utilized.* To enhance the 
performance of the device at high frequencies, design 
considerations center around the basic ingredients of 
fast regeneration and appropriate “memory.'* The 
circuit must, on receipt of the initiating signal, pass 
quickly to the opposite stable condition and assume 
quiescence before the succeeding signal arrives. How¬ 
ever, in any scaler there is one instant in the regenera¬ 
tive cycle when the circuit must be informed as to the 
direction the action should proceed. To enable the cir¬ 
cuit to continue toward the opposite conducting posi¬ 
tion, some device is necessary to recall the previous 
situation and make conditions favorable for conduction 
starting in the proper tube. The minimum resolution 
obtainable depends to a high degree on the relative 
success of providing this memory. The memory must 
last sufficiently long after the triggering pulse to insure 
that the circuit passes to the opposite regime. In addi¬ 
tion, it must be arranged that the circuit “forgets** the 
previous switching operation by the time the next 
triggering pulse arrives. 
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FiO. 2. Photograph showing layout and wiring on 7-in.X7-in. chasMS. 


Iq the original Higinbotham circuit, memory is 
achieved through the use of capacitors in parallel with 
the plate-to-grid cross-over resistors. Their capacitance 
is considerably higher (at least a factor of two) than is 
necessary for a frequency-independent compensation. 
The duratbn of the memory is ^termined by the grid- 
circuit BC time constant, and congruous with the com¬ 
paratively slow action inherent in such a triode circuit 
the thne constant is made fairly long, 

In the present scaling circuit, a fast action is achieved 
by the standard wide-band techniques of using rela¬ 
tively low plate resistances (oonq^nsated) and h%b 


transconductance tubes. In the circuit diagram, Fig. 1, 
the switch tubes, VtA and Vm, and the cathode fol¬ 
lowers, Via and Fib, comprise the first scale of two. 
The cathode followers employed in the plate-to-grid 
coupling network minimize the capacitive loading on 
the anodes of the switch tubes and hence speed the 
fiip-over action. The crystal diodes in the grid circuits 
prevent overdriving the switch tubes and so limit their 
plate-voltage excurrion. 

Memory, however, is proAnded not only through 
capacitive but also through inductive effects. The 
capacitance in parallel with each cross-over resistor is 
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compamtiveiy low. To provide the additional memory 
oecessaiy for reliable operation, the anode resistors are 
ccmsidaubly overcompensated with 50-inicrohenry 
inductors. 

The succeeding scale of two is identical with the frst 
and is driven by the buffer tube Vi. The rectangular 
wave from the last scale of two is J?C-differentiated with 
a l-/isec. time constant and presented as the output 
through a cathode follower. The amplitude of the out¬ 
put pulse is approximately ten volts. 

TESTING AND ADJUSTMENT 

Fifteen scale-of-four units have been constructed and 
tested in this laboratory. They exhibit nearly identical 
characteristics, and the following remarks apply to 
their performance. 

A measure of the reliability of any circuit is the allow¬ 
able tolerance in components. The scale of four is 
found to operate despite a rather wide deviation from 
optimum values. Unfortunately, in a circuit of this 
general t 3 rpe, it is inevitable that minimum resolution is 
a function of the ‘^balance” of the components. To 
facilitate compensation for unbalance in the fixed 
resistors, a linear potentiometer is provided as part 
of the cross-over network. A rough balance setting 
may be obtained with an ordinary high impedance 
voltmeter. The voltmeter is connected so as to measure 
the potential between ground and the cathode of 
the switch tubes; e.g., Via and Fjb. The circuit is 
then flipped from one stable regime to the other by 
momentarily touching to ground first one, then the 
other grid of the two cathode followers. The poten¬ 
tiometer is so adjusted that there is no change in the 
cathode voltage when the circuit switches to the op¬ 
posite conducting position. Using the cathode of one of 
the cathode followers as a point of observation, the 
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flip-qver action may be veril^ with m additional 
voltmeter. 

Ke^nse of the circuit to sijgnEl inputs may be 
check^ with a Bint wave or pv&Bt generator and an 
oscilloscope. The amplitude of the sine wave should be 
at least five volts (r.m.s.) and the frequency higher 
than three m^ptcycles. Pulse inputs may range from 
five to 20 volts with a duration Im than 0.1 fxstc. The 
first scale of two is checked with an oscilloscope by 
observing the plate signal of the buffer tube Vi ; the 
second, by observing the output. Final setting of the 
balance potentiometer is effected by increasing the fre- 
^quency until the scaling action falters (at 11 or 12 
megacycles for the units tested) and then readjusting. 
When properly balanced, the circuit will respond to 13- 
or 14-megacycle signals. Tube replacement is found to 
have little effect on the resolution and does not necessi¬ 
tate readjustment. 

Normal precautions should be taken in construction 
to minimize stray capacitance. The performance of the 
device is probably dependent on the arrangement of 
parts. Layout and wiring details of the units constructed 
in this laboratory are shown in Fig, 2. Five percent com¬ 
ponents should be employed throughout, and pre¬ 
liminary matching of the cross-over resistors (as noted 
in the circuit diagram)Xis suggested. The 50-Mhenry 
inductors are RF chokes of the iron-core variety. 

The scale of four reqtiires on external power supply, 
preferably regulated, which can provide 60 ma at 300 
volts. 
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Erratum: A Wide Range RadUtion Instrument 

(Rev. Sci. In«t. 20. 711 (1949)) 

LifONARD RbIFFEL AND GlENN BuRCWAU) 


O N page 713 of this article under 2. of part V. Umitationa the ur/hr. in the aentmee “It waa found that a 
4'’C change in temperature caused a shift of the order of 0.7 nt/ht.” should be conected to mr/hr. 
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A Sensitive Magnetometer for Vexy Small Areas 

Daayl M. Chapin 

Bell Telephone Laboratories^ Inc.^ Murray BUlt New Jersey 
(Received September 22, 1949) 

A vibrating wire eyatem for measuring weak magnetic fields is described for use in very small spaces. 
Quarts crystals are for drivers to get sufficient velocity with very small displacements. To adjust the 
driving voltage to correspond exactly to the natural crj^tal frequency, the crystal is also used to regulate 
the oscillator. 


E xperimental work in the theory and in the 
practical application of magnetic phenomena fre- 
qucntiy requires the measurement of a magnetic field 
at a point. With any actual measuring equipment, the 
size of the exploring coil or probe requires that the 
measurement be over an area—frequently a large area. 
TTiis note reports the use of a quartz-driven loop probe, 
developed to reduce that area as far as possible and 
still to be sensitive enough to measure fields of one 
gauss or less. One of the tools developed measures in 
an area only 1 mm by about 0.15 mm and is sensitive 
to less than one gauss. 

One such probe is a single loop of fine wire glued to a 
lightweight tube 1 mm in diameter and about } in. long. 
TThc wire runs along one side, across the end, and back 
the other side. If this tube with its wire is constrained 
to move along its axis, the sides of the loop generate no 
voltage. The net voltage generated by this loop in a 
uniform field would be zero and hence its use is limited 
to such cases where the magnetic field is quite different 
at the two ends of the loop. In many such applications, 



the field at one end can be ignored and only that at the 
other end regarded as contributing to the generated 
voltage which will be proportional to the length of the 
end section, its velocity, and the field normal to the 
wire and motion. 

For this probe, the mechanical driver is a bimorph 
crystal consisting of two quartz crystals joined to¬ 
gether electrically reversed so that when one expands 
under the influence of an electric field the other con¬ 



tracts. A flexural motion of comparatively large motion 
and low frequency is produced. The supports for the 
crystal arc placed at the nodes which by means of 
end-loading are made to appear at about seven-tenths 
of the distance from center to end. The center is the 
point of greatest motion. When a probe is mounted 
normal to the face at the center, it exp)erience8 piure 
translational motion along its axis as required. A pic¬ 
ture of the bimorph crystal and its probe is shown in 
Fig. 1. 

It is well known that a quartz crystal has a very high 
Q and its amplitude is very greatly affected by the 
driving frequency. It therefore appears that a reasoimble 
way to control this frequency and keep it at the reso¬ 
nant frequency of the crystal is to control a vacuum 
tube oscillator by means of the crystal as shown in 
Fig. 2* The circuit reduces to a piezoelectric controlled 
oscillator with a probe mount^ on the crystaL For 
maximum sensitivity, the amplitude of the oscillations 
should be increased to the maximum safe limit for the 
crystaL 

The bimorph crystal used has a frequency of 872 
cyctes per second as loaded. Its calibrated sensitivity at 
the probe is 3.0X10"* volt per gauss. Calling the sensi- 
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tive length 1 nun, the tnaximum velocity is 42 cm per 
sec., the total travel is 0.154 mm, and the maximum 
acceleration is 235 g, where g is the acceleration of 
gravity. The noise level is the equivalent of 0.2 gauss. 

With such a low voltage, it is necessary to minimize 
extraneous noise and pick-up. The electrostatic pick-up 
from the driving circuit is most easily decreased by 
grounding at the variable pomt of a 100-ohm potenti¬ 
ometer hung across the probe circuit. The impedance 
of the probe is less than one ohm, making it possible to 
use an input transformer of very high step-up ratio. 
The 52-db voltage gain obtained is enough to override 
the first tube noise so that sensitivity is limited by 
probe noises and not by tube noises. The rest of the 
measuring circuit needs no elaboration. The whole set 
was calibrated by observing the output, voltage of the 
amplifier when the probe was ih a known field. 

A second type of probe uses the common longitudinal 
mode of a quartz crystal having a natural frequency of 
49 kc. The crystal is shown in Fig. 3. At the fundamental 
frequency, a node appears at the center and antinodes 
at the ends. A loop of wire extending from the node up 
one side, across the end, and back on the other side to 
the node, differs in its motion from the probe described 
above in that only one end moves. Ideally, this unit 
measures absolute values of magnetic field at the 
antinode regardless of the field at the node and hence 
may be used to make measurements of a uniform field. 


The oscillator circwt shosm in Fig. 4 is of conven¬ 
tional form but riiielding dfficulties associated with the 
higher faequency result^ in a qrstem a little less senid- 
tive than for the bimotph ays^. Lead lengths had to 
be kq>t short with the crystal adjacent to the oscillator. 
A double metal shield around the oscillator decreased 
the unwanted pidr-up. Another pick-up problem arises 
from the portion of the loop. As shown in Fig. 3, only 
one-half of the loop is on the grounded face and the 
other half is on the ungrounded face. Hence there is 
considerable electrostatic pick-up which has to be 
balanced out. Tliis might be avoided by la}ring the loop 
.along the grounded face only. 

The sensitivity of the 49-kc probe is 5.3X10^ volt 
per gauss. The computed total motion is 0.5 micron. 
The maximum velocity is 7.6 cm per sec. and the 
maximum acceleration is 2380 g. The noise level is the 
equivalent of 4 gauss. 

The structures illustrated were developed primarily 
for measuring fields close to flat surfaces such as mag¬ 
netic recording tapes and their form is subject to 
modifications for other purposes. 

Still smaller areas of measurement would appear 
possible by developing probes of finer wires or of thin 



Fio. 4. Oscillator for 49-kc crystal. 


conducting films a few atom diameters thick. The 
point is illustrated by the crystal of Fig. 3 where the 
probe wire is about 60 microns in diameter whereas the 
total travel is only about half a micron. After the probe 
dimensbn is sufi5ciently reduced, still higher frequenqr 
might be used to maintain sensitivity with smaller 
motion. 

As an indication of the possibilities, one interesting 
experiment may be dted. With the probe shown in 
Fig. 3, positive indications were obtained of the field 
that exists at the domain boundaries on the (10*1) 
surface of a demagnetized cobalt crystal. With the 
present crude probe, the observed field paralld to the 
surface and about 0.1 mm from it was 20 gauss. 
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Growing and Processing of Single Crystals of Magnetic Metals 

J. G. Walor, H. J. Williams, and R. M. Bozorir 
BM TeUphon* Laboratories, Murray Bill, New Jersey 
(Received September 22, 1949) 

Single crystals of nickel, cobalt, and various alloys arc grown by slow cooling of the melt. They are oriented 
by c^tical means and by z-rays, and ground to the desired shape lising the technique described. 


INTRODUCTION 

I N the study of the ferromagnetic properties of single 
crystals a technique has been developed for growing 
rather large crystals and for cutting them in the desired 
fortn, projierly oriented with respect to the crystal 
axes. The crystals prepared have been nickel, and the 
alloys of iron-nickel, copper-nickel, iron-silicon, iron- 
molybdenum, iron-aluminum and iron-cobalt-nickel, 
and cobalt in the hexagonal form. They have all been 
formed by cooling slowly from the melt, in much the 
way already described in a note by Cioffi and Boothby.‘ 
This article will describe the method in more detail, 
and then will explain the procedure that has been 
developed for cutting the crystal, determining its 
aj^roximate orientation by reflection of light from 
et^ pits and its accurate orientation by x-rays, grinding 
it to the desired shape, and etching it to remove de¬ 
formed materials. 

FURNACE 

The furnace is intended only to melt and to cool 
slowly, and has no moving parts. It is cylindrical in 
form, mounted with its axis vertical, has a molybdenum 
heating element and operates with an atmosphere of 
pure dry hydrogen. Its construction is shown in Fig. 1. 
The casing is a 12-in. steel tube of i-in. wall thickness, 
on the outside of which is brazed a thin steel jacket to 
form a water-cooling chamber of 1-in. thickness. The 
top and bottom are each held in place with 12 l-in. bolts 
and are sealed gas-tight with lead gaskets into which 
knife edges press. They are water-cooled, using several 
turns of copper tubing soldered in place. Near the upper 
end of the furnace, below the head, are a number of 
accurately bored and tapped holes. These provide 
means of mounting gas inlet valves, thermocouple leads, 
power leads and other necessary flttings, which are 
sealed with litharge and i-in. lead gaskets. 

The heating element is 0.070- to 0.100-m. molybdenum 
wire, wound with turns | in. apart on an alundum muffle 
(Norton RA-1139, 5-in. I.D., 5) in. O.D., 24 in. long). 
The total resistance of the winding is about 0.3 to 
0.6 ohm when cold. Power leads are i-in. coiqier rods 
that pass through the furnace fittings inside of porcelain 
fierttto, made gas tight with porcelain cement. The 
inner ends of the copper leads are silver plated, and are 
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connected to the furnace winding with i-in. molyb¬ 
denum rods. 

Outside of the heating element is a 3-in. layer of 500 
mesh acid-etched alundum, enclosed by a thin steel 
shell which permits easy removal of the inside of the 
furnace from its casing. 

Through the center of the top is a steel fitting in 
which is cemented a Pyrex glass window 0.4 in. thick, 
for observing the melt. The temperature is checked 
with an optical pyrometer, calibrated to take account of 
the absorption of the glass. The window is protected 
from most of the direct radiation from the hot zone of 
the furnace, and the heat loss is reduced, by a metal 
baffle through which a hole is cut for observation. 

The crucibles are of high purity alumina, usually 
Norton ATM-409 or RA-1139 alundum. They are 
placed in the heating zone so that the top is near the 
hottest part of the furnace. The difference in tempera¬ 
ture between the top and bottom of a 5-in. crucible is 
about 40°C. 

The material to be melted is obtained from various 
sources. Nickel of high purity, prepared by the carbonyl 
process, was obtained through the kindness of Mr. E. M. 
Wise of the International Nickel Company. Other 
materials were electrolytically purified cobalt, electro¬ 
lytic iron, hydrogen reduced molybdenum and electro¬ 
lytic cathode copper, kindly supplied by Mr. D. H. 
Wenny of the Bell Laboratories. 

Temperatures up to 1550°C have been obtained with 
the use of a 220-volt 60-cycle supply, adjustable in 
steps of 2.2 volts. The power consumed is less than 
11 kw. 

ATMOSPHERE 

Electrolytic hydrogen is purchased in tanks, and 
further purified by passing over pellets of palladinized 
alundum. These are contained m a 24-in. brass tube, 

1 m. in diameter, which is soldered at each end to a 
i-in. copper tube lead and maintained at 75'’C by a 
nichrome heating element enclosed with asbestos tape. 
The water vapor formed in the tube is removed in a 
drying tower of activated alumina also soldered at each 
end, and the hydrogen then goes through a diaphragm 
valve to its entrance near the top of the furnace. The 
exhaust gas leaves the furnace at the bottom. About 8 
cubic feet per hour are normally used. 

The dew pomt of the hydrogen is maintained at 
947 
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About — 50®C or below. The entire system is checked 
for leaks with a pressure of 10 Ib./in.’ N* 4 

A photograph of the furnace and associated appa¬ 
ratus is shown in Fig. 2. 

MBLTINO AND COOLING 

The crucible, of approximate diameter I'inch and 
height 5 inches, is filW with the pure constituents or 
with a machined rod of alloy previously prepared. The 
air in the furnace is displaced with nitrogen and this in 
turn with hydrogen, “riie power is turned on and the 
voltage gradually increased to a point which is known 
to give the proper temf)erature for melting the charge. - 
Melting occurs in about 5 hours. After the whole charge 



Fro. 1. Plan of molybdenum-wound furnace for growing ciystaU. 



Fig. 2. Airongement of furnace, power supply, and combustion 
and dr^ng tubro for hydro^. 


has been molten for about an hour the voltage is 
reduced about 1 percent every three hours until solidifi¬ 
cation is complete. This corresponds to about 5°C/ 
hour and may take 10 to 20 hours. If the material is an 
alloy, it is homogenized by holding just below the 
melting point for 24 hours or more. The voltage is then 
reduced about 1 percent per hour to 1200“C, then more 
rapidly so that it cools to S0®C in about 20 hours. The 
furnace is then filled with nitrogen and opened to the 
air. The crucible is removed and carefully cracked from 
the ingot. 

ROUGH ORIENTATION 

The ingot, weighing about 2 pounds, is sand blasted 
to remove the last bits of the crucible, and then etched 
in a suitable mixture of nitric and hydrochloric adds. 
An example of the result is shown in Fig. 3. A crystal 
is then selected and cut from the ingot with a jeweler's 
saw or with a wet cutting wheel of about ^*in. thidc- 
ness. Care must be taken to prevent straining of the 
crystal by excessive pressure or heat. 

When etching shows that all but a single crystal has 
been cut away, the crystallographic axes are deter¬ 
mined roughly from the reflections of Ugbt from the 
etch pits. In ah otherwise dark room, light from a 
single source shines on the ciystid over the observer’s 
shoulder. By rotating the orystal an area of high te- 
flectiviQr is located and a diort piece of wire is fastei^ 
to this surface with modeling clay. When the sittthce is 
in the praition of maximum reflection, the wire is |)iaced 
so that it is directed about halfway between ^ 
source and the observer’s eye. The wire is then leiighly 
normal to the etch plane. In the case of inni'eilftiim 
alloys there are 6 etch planes of the form in 
nickd ^ete are 8 etch pkjies, [[lllj, and thews huy be 
determined with w a{q;)roxiinate error of 5* nr inoce. 
A iflane is then cut with the wet vdied 
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parallel to the desired plane and the surfaces are etched 
rather deeply (0.1 to 0.3 nun). 

ACCUIUTB ORIENTATION 

The surface so cut is mounted on a flat steel plate 
with sealing wax, applied after heating the parts in an 
oven at about 125“C. The steel plate has the form shown 
in Fig. 4 at (o), and can be screwed fast to the holder (b) 
in either of two positions at 90° to each other. The 
barrel-shaped holder is designed so that the crystal can 
be tipped by screwing the pin (e) or (/) and then locked 
into positbn by tightening the nut (g). It contains four 
V-grooves, (c) and (d), that permit its accurate location 
in a fixture connected to either an x-ray or a grinding 
machine. The holder is an adaptation of that used in the 
orientation of quartz and other crystals for piezoelectric 
use. 

The next procedure is to orient the ciystal surface 
with x-rays so that the required plane is accurately 
perpendicular to the axis of the holder, and then to 
transfer the holder to a surface grinder that will grind 
the surface accurately parallel to the plane. These two 
operations will now be described. 

The x-ray spectrometer is shown in Fig. 5. The 
holder is mounted on one arm of the goniometer so 
that the crystal surface is on the axis, and the ionization 
chamber is set on another arm placed at the proper 
angle (20) calculated from Bragg’s law. The holder is 
turned until maximum reflection is observed, and the 
scale is read. The ciystal and holder arc turned 180° 
about the holder axis and the operation repeated. The 
holder is then locked in the angular position halfway 
between the two scale readings, and the crystal turned 
in the holder, by the use of the screw (e) of Fig. 4, until 
the current through the ionization chamber is a maxi¬ 
mum. The barrel is then turned 90° and again adjusted 
for maximum reading. The desired crystal plane is now 
perpendicular to the barrel axis. 

The barrel is then removed from the spectrometer 
and mounted in a surface grinder as shown in Fig. 6, 
with the barrel axis carefully adjusted to be perpen¬ 
dicular to the travel of the cutting wheel. The crystal 
is ground in steps of 0.002 in. or less until a reasonably 
lar^ge surface is available. After etching, the x-ray 
q>ectrometer is used for a further checking. A surface 



fka, 3. Ingot showing several large oystals. Crudble is 5 in. 
MK 'Mffl may be SUM with alloy lor melting (see portion of 
M with unalloyed iniy^^ 


Fig. 4. Sketch of con¬ 
struction of barrel-shaped 
holder used in mounting and 
orienting crystal. 






SECTION A-A 

can be cut accurately by this method in about a day's 
time after the ingot is taken from the crucible. 

In order to determine the position of the crystallo¬ 
graphic axes in the prepared surface, the crystal is 
unmounted and a back reflection Lauc photograph is 
taken. Analysis of this gives the angle between an axis 
and some reference line on the crystal surface. The axis 
is then scribed on the crystal and it is mounted on a 
steel disk which has a square shank and threaded end. 
The shank is fitted into a square hole in a plate and 
screwed fast, and mounted on the surface grinder. 

A new surface is then ground parallel to the crystal¬ 
lographic axis and perpendicular to the main surface. 
Using other positions of the square shank in the square 
hole, three more such surfaces can be ground. These 
can be checked with x-rays and corrected until the 
desired precision of cutting is attained. Accuracy can be 
as high as 5 min. or even higher if desired. 

The method just described is the basis for cutting 
crystals of various forms. When a circular disk is 
wanted for measurement of magnetic torque,* the major 
surfaces are prepared as described. The cr 5 rstal surface 
of required orientation is then fastened with wax to 
the end of a metal rod, with the surface aligned accu¬ 
rately perpendicular to the rod axis, and the rod held 
in a lathe. A ball bearing center is pressed against the 
crystal and the disk turned, taking very small cuts to 
avoid heating or straming the specimen. 

More complicated shapes such as the “picture frame” 
predously described,* can be cut with care uamg a 
jcwelerfs saw and file. 

•HL irWilUaiiM and R, M. Bosorth, Phys. Rev. SS, 673 (1939). 

m.lwmmB,Phy%,ktv.s2,7ii(m7). 
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Fig. 5. Arrangement of barrel-holder and crystal 
in x-ray spectrometer. 

ETCHING AND POUSHING 

For proper determination of crystal orientation by 
x-rays it is important that the surface be etched suffi- 
dcntly* deeply. An insuflScient etch can always be 
detected by taking a back-reflection Laue photograph 
and noting the smeared appearance of the spots, or can 
be inferred from the lack of sharpness of the reflection 
on the spectrometer. When some work hardened ma¬ 
terial is present it may have an orientation appreciably 
different from that of the body of the crystal, conse¬ 
quently its complete removal is necessary. Worked 
material should also be removed before giving any heat 
treatment, to avoid recrystallization. 

If repeated etching leaves an uneven surface the 
crystal may be hand lapped with 600 mesh abrasive 
cloth and re-etched. A particularly smooth surface can 


Fic. 6. Barrcl'holder and crystal in position in surface grinder. 

be maintained by electropolishing, using a bath of one 
part chromic trioxide, CrOj, and 9 parts of 85 percent 
phosphoric acid, by weight. The specimen is used as 
the anode and two copper electrodes as cathodes and 
18 volts applied. Usually one to five minutes operation, 
with the bath at about 80°C, is suflicient to remove 
strained material from surfaces that have had light 
mechanical polishing. Electropolishing is particularly 
important for the study of magnetic powder patterns.^ 
We are indebted to Mr. W. L. Bond for the oppor¬ 
tunity to use the x-ray spectrometer and the banrel- 
shap^ holder for orienting the crystals. 

^Williams, Bozorth, and Shockley, Phys. Rev, 75, 155, 178 
(1949). 
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An Electromagnetic Blood Flow Meter 

John W. Clars and James £. Randall 
Research Divisionf CdHns Radio Company^ Cedar Rapids^ Iowa 
(Received July 18, 1949) 

This report describes the design of an instrument for electrically measuring the rate of flow of blood 
passing through a glass cannula which has been inserted within a vessel of an anesthetized animal. 


I T is frequently of interest in physiological research 
to study the variations of the blood flow rate as 
affected by drugs or by external stimuli such as heat. 
Accordingly, a reliable instrument which will indicate 
and record blood flow rate is of considerable utility to 
the physiologist. The instrument described below was 
developed for the use of the Department of Physiology 
at the State University of Iowa in connection with a 
study of the effects of diathermy upon blood flow and 
other physiological parameters. The results of this work 
will be published el^where. 

A variety of instruments have been devised for the 
measurement of blood flow; the reader is referred to 
Potteri for a detailed study of this topic. Instruments 
which measure flow through a particular vessel (as 
opposed to perfusion systems, which measure the flow 
tba*ough an organ or a region of the body) may be 
classified into several types: drainage recorders, bubble 
flow meters, thermostrohmuhrs, rotameters, orifice flow 
meters,* and electromagnetic flow meters. 

In the venous drainage recorder, one simply measures 
the quantity of blood drained from a vein in a measured 
time. This method obviously measures average flow 
only. The bubble flow meter introduces a long, coiled 
capillary in series with the vessel under study; a bubble 
of air is introduced and its motion timed with a stop¬ 
watch. This method is obviously not suitable for actu¬ 
ating a recorder. The thermostrohmuhr measures the 
temperature rise induced in the blood at a point down¬ 
stream a short distance from a small heater. This 
method appears to be inherently inaccurate. The rotam¬ 
eter and the orifice flow meter are familiar devices for 
measuring flow of liquids; these, however, have a serious 
disadvantage as blo^ flow meters, in that both contain 
a constriction in the blood stream which tends to induce 
clotting with consequent errors in calibration. 

The electromagnetic flow meter is free from most of 
the disadvantages of the instrum^ts briefly desaibed 

iV. K. Potter, £ditor*in-Chief, Methods m Medical Research 
(Vesr Book Publishm, Inc., Gdeago, 1948), Vol. I, pp. 6^-253. 

* 6. |C. Moe, simple tedmique for oontlnuouB registration 
d[ Sdeoce m (April 15,1^. 


above. While this is not a new instrument, the writers 
feel that an account of a practical electromagnetic 
blood flow meter, together with the design problems 
and operating precautions associated with it, will be 
of interest. The electromagnetic flow meter was de¬ 
veloped by Kolin*"* and used for blood flow studies in 
dogs by Kolin and Katz.® The principle of the instru¬ 
ment is illustrated in Fig. 1. The motion of the blood, 
which is a fairly good conductor, through the transverse 
magnetic field induces an e.m.f. which is proportional 
to its velocity. This small e.m.f. is amplified and actu¬ 
ates an indicating meter or a recorder. The linear 
velocity of the blood, multiplied by the cross-sectional 
area of the bore of the vessel, gives the volume rate of 
flow which is what one usually wants. 



Fio. 1. Basic components of the flow meter. 


•A. KoUn, “Electromamietic flowmeter: principle of method 
and its application to blood flow measurements/’ Proc. Soc. 
Exper. Biol, and Med. 35, 53 (1936). 

^A. Kolin, 'An a.c. induction flowmeter for measurement of 
blood flow in intact blood vessels,” Proc. Soc. Exper. SfloL and 
Med. 46,233 (1941). 

*A. KoUn, "Alternating Add induction flow meter of Ufjty 
■ensitivity ” Rev. Sd. Inst. 16,109 (1945). 

• L. N. Katz and A. Kdin, "Flow of blood in carotid artery of 
dog under various drcurastances as determined with dectro- 
magnetic flowmeter,” J. Physiol. 122, 788 (1938). 
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It is possible to place electrodes in contact with the 
exterior of the intact vessel; this method Was used by 
JKoIin*'** and also by Wetterer.’' The technique of 
cannulating the blood vessel and inserting the flow 
meter is, however, simpler and is free from contact 
difficulties and errors due to changes in the lumen of 
the vessel with changes in the condition of the animal. 
The cannulation process is of course recommended only 
when it is permissible to inject anticoagulant drugs into 
the animal. 

Because of the considerations outlined above, the 
ranniila shown in Fig. 2 was designed. The platinum 
electrodes are sealed in the glass so as to contact the 
blood stream with a minimum of internal discontinuity. 
Indexing pins are provided to locate the cannula with 
respect to the electromagnet. Heparin is added in- 



Fio. 2. The cannula with indexing pins. 

travenously to the animal’s blood stream to inhibit 
clotting. The shape of the cannula was chosen to 
separate somewhat the magnet and the electrical circuit 
from the animal. This reduces grounding difficulties 
and also enables one to keep the contact area free of 
blood and other contaminants. 

The following brief outline of the theory of the instru¬ 
ment will aid in understanding its operation. Whenever 
there is relative motion between a conductor and mag¬ 
netic lines of force, there is an induced e.m.f. propor¬ 
tional to the magnetic field, the length of the conductor 
and the relative velocity between the two: 

( 1 ) 

where e is the induced e.m.f. in volts, ii is the magnetic 
flux density in oersteds, J is the length of conductor in 
cm, and v its velocity with respect to the magnetic 
Add in cm/sec. 

’ R. Wetterer, “New metbod of regUtegrIiig rate of .bkwd circa- 
laflonin unopened vcsmI,” Zdta f. m W, 26 (1937). 


In the electromagnetic flow steter the length I is 
represented by the diameter at the circle of the cross 
section of blo^. This I mil be determined by the in¬ 
ternal bore of the vessel or cannula. If 6 is a ffited mag¬ 
netic field as from a pennanent ma^iet, then the in¬ 
duced e.m.f. is proportional to the linear veloct^ with 
whidt the blood flows through the vessel or caimula 
at the point of measurement. One is usually interested 
in the volume flow rate in cc per second rather than the 
linear flow rate in cm per second. These quantities are 
related as follows: 

<?-r.(«P/4), (2) 


where Q is the volume flow rate in cc per second, and d 
is the internal diameter of the tube. 

Let l-^d in (1), and eliminate v between (1) and (2): 

««=-6(40/«/)lO-». (3) 


We then see that for a given fixed magnetic field and a 
fixed rate of flow determined independently of physio¬ 
logical mechanisms it would be to our advantage, at 
least theoretically, to make the internal bore d as small 
as possible to produce a larger induced voltage. 

When phjrsiological considerations are made, we find 
that a small constriction will increase fluid friction at 
the site of the constriction, which results in an added 
“Peripheral Resistance” to the flow of blood. The rate 
of flow is thereby reduced;* or, in other words, we 
caniwt assume a fixed rate of flow independent of 
constriction. It is thus necessary to have as little con¬ 
striction as possible to insure the same conditions as 
though no instruments were present. 

For the a.c. electromagnetic flow meter, the magnetic 
field varies approximately in accordance with the volt¬ 
age applied to the electromagnet. This changing flux 
causes the voltage induced in the blood to altenuite at 
the power supply frequency. Polarization at the elec¬ 
trodes is nulU^ and a stable a.c. amplifier may be 
used.*-* 

However, with the use of an a.c. field a new complka- 
tion arises. Auxiliary circuits must be added to bring 
the indicator to a zero reading when there is rro flow. 
This occurs because the two probes with their leads 
form a single-turn transformer secondary. Iliis diffi¬ 
culty may be analyzed as follows: 

If the flux in £q. (1) is vuying sinusoidally, its 
instantaneous value may be represented by: 


6«Bcos2v/f. (4) 

in which B is the maximum flux density in gauss, and/ia 
the frequency in c.p.s. 

In. order correctly to formulate the nugnitude of ffie 
induced e.nl.f. in t^ case, we must repl^ Eq. (1) by 
the more fundamental expression: 




(5) 


'R. £. SUi^ and' D. E.. 
stiiction of a Mood vassBl on 
No. 2 (Apill, 1944). 


“TiMeCectM 
flow,?' Am, J. 
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Fio. 3. Functional 
diagram of the blood 
flow meter circuita. 
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where <t> is the total flux linked by the circuit formed by 
the leads to the cannula and the infinitesimal filament 
of blood which completes the circuit between the 
cannula electrodes. Since the blood stream is moving 
and the flux is changing: 

-d<t,/dl-:>blv+A{db/dl). (6) 

Here A is the effective area enclosed by the loop. 
Inserting (4) and (6) in (5) and, as before, eliminating v 
with the aid of (2), we get the following expression for 
the e.m.f. induced in an a.c. electromagnetic flow 
meter: 

e- -iMQB/d) • 10-* coiZrft-AB sin2ir/<. (7) 

This equation will be observed to have two terms, the 
first of which is similar to that encountered in the case 
of the steady magnetic field, while the second arises 
as a result of the time variation of the magnetic fieid 
in the a.c. case. The voltage expressed as the second 
term of £q. (7) is that which arises by virtue of the 
electrodes and their associated leads acting as a one-turn 
transformer. This voltage has the unfortunate property 
of being independent of flow. Since it is of the same 
order of magnitude as the flow-induced voltage, it 
constitutes an undesirable zero-flow signal. 

An obvious way to cancel out this undesired voltage 
is to place an auxiliary single-turn winding on the 
magnet. This winding is phased oppositely to the one 
formed by the cannula and its leads, and a potenti¬ 
ometer is used to reduce its magnitude to equality with 
that of the spurious voltages. This expedient would 
work perfectly were it not for non-linear phenomena in 
the tnmsformer iron which give rise to harmonics in 
the gtoierated voltage. The even harmonics do not 


cancel, so the only remedy is to limit the flux density 
to keep the harmonic content at a tolerable value. This, 
of course, is in conflict with one’s wish to operate at 
high flux density to realize high sensitivity. A practical 
compromise must be arrived at between these two 
factors. For smaller flow rates and where the magnet 
must be small it may be necessary to accept the har¬ 
monic voltage and filter it out before the indicator 
amplifier. 

For the developed instrument the magnet was made 
from stacked laminations of ^-inch, 29-gauge L-4 
special audio A iron. The coil was 1800 turns of No. 25 
wire excited with 110 v a.c., 60 c.p.s. This gave a field 
of about 1000 oersteds across a i-inch cubed air gap 
between pole tips. Each cannula was provided with a 
mounting frame for uniform centering within the mag¬ 
netic field. 

Power from the a.c. line at 60 c.p.s. was used to 
excite the magnet coil because of its availability and 
because low loss magnet material is available for this 
frequency. This limits the frequency response of the 



Flo. 4 . The btood flow neter wiflt its Miodated teoordsr. 


















whole system to fluctuations less than 60 c.p.s. The 
frequency of pulsatile fluctuations appearing on the flow 
indicator is correct, but their amplitude is dampened 
by the recorder. Should a more faithful pulsatile picture 
be desired, it would be possible to increase the carrier 
frequency and also use an output recorder with the 
required higher response. 

Figure 3 is a functional diagram of the blood flow 
meter. The a.c. amplifier is of conventional design, in 
this case for 60 c.p.s. use only. Since adequate plate 
supply filtermg and low level shielding was used, no 
trouble was encountered by interaction of power supply 
ripple and signal. A gain control on the amplifier allowed 
for adjustment of the sensitivity. The output trans¬ 
former was fed into a meter typ>e selenium rectifier 
which gave best linearity in the operating range. This 
type of bridge rectifier will give an upward deflection 
regardless of the direction of blood flow. If the flow 
were of such a nature that its direction reversed com¬ 
pletely, it would be possible to use a discriminator type 
detector which would give a reversed deflection for 
reversed flow. 

Selection of an output recorder is determined by the 
over'll! frequency response desired. For recording 
relatively slow fluctuations, an Esterline-Angus record¬ 
ing milliammeter was used. This is a highly damped 
instrument such that it probably is responsive to less 
than S cycles per second. The instrument with the best 
power sensitivity requires 5 milliamperes through an 
internal resistance of 70 ohms for fullscale deflection. 
Its chart can be driven at any convenient* speed from 
f in./hr. to 6 in./min., the choice depending upon the 
rapidity of change to be observed. Figure 4 is a pho¬ 
tograph of the complete instrument with its associated 
recorder. 

A large output meter is placed on the amplifier panel 
for viewing from a distance. Either of two ranges can 
be selected by a front panel switch. The rKmak con¬ 
tains a meter and reference voltage for ralihr ^tlng the 
amplifier. Energizing the magnet and the amplifier from 
a constant voltage transformer sppeated to give ade¬ 
quate stability. Each cannula must be calfiuated indi¬ 


vidually by running saline solution through the cannula, 
collecting it and dividing by the elapsed time to obtain 
flow rate. Two points, one of which may be the point 
ob^ed at zero flow, should be sufficient to establish 
calibration for the cannula. Calibration is independent 
of concentration of the solution provided that the 
amplifier input impedance is high enough and provided 
that salt or other contamination does not collect or 
crystallize on the electrodes. Salt solutions sometimes 
deposit crystals of the salt on rough edges with a slowly 
circulating system. 

Figure 5 is presented as an example of the perform¬ 
ance of this mstrument. This is a typical chart record 
token at 6 inches per minute, showing the blood flow 
in the femoral artery of a dog. Full scale deflection 
represents about 150 cc per minute. Several interesting 
phenomena may be observed on this record. The rapid 
fluctuations in blood flow caused by the heart beat are 
clearly seen. Superimposed upon these is a sbwer 
variation synchronous with the animal’s breathing. 
Visceral pressure due to inhalation causes a momentary 
increase of flow. The instrument faithfully records the 
almost immediate cessation of flow when the artery is 
pinched off with a clamp, and the complex transient 
flow that occurs when flow is resumed. It almnat 
45 seconds for the arterial system to return to normal 
when flow is resumed. 


*wa.nuwuCDOMSlTT8 
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An Electromagnetic Focusing Device for 
the Electron Microscope 

Harold T. Mbryman 

Naval MetitcaJ Hesgauh Inst Huff, Bitkasda, Maryland 
October 27, 1949 

T he use of electromagnetic rather than electrostatic alternat¬ 
ing delds in a beam deflection focusing device was first 
demonstrated by Ir* LePoole of Delft.‘ The Delft instrument has a 
very narrow neck between the condenser lens and the specimen 
chamber; the electromagnetic coils are placed around tUs neck 
out^e the instrument. Bishop* has also described such an adapta¬ 
tion to the RCA instrument. 

In adapting the electromagnetic system to the RCA c.m.u. 
electron microscope, it was decided at this laboratory, that the 
slae of the specimen chamber and the nature of the metal casting 
made It both practical and advisable to place the coils inside the 
chamber in close proximity to the electron beam. The coils were 
wound without cores to eliminate the possibility of hysteresis 
and induced or reudual magnetism. A description of such an 
adaptation to the RCA e.m.u. microscope follows: 

A one and one-half inch O.D. brass tube (Fig. 1) Is rigidly at¬ 
tached at its top by flanges to the screws which support the stage 
motion springs on the roof of the specimen chamber casting. The 
tube extends downward to within one-fourth inch of the stage and 
has a one-inch wide slot in front to permit the insertion of the 
specimen holder. Four pins are placed at 90® intervals around the 
outside of the tube one-quarter inch from the bottom, this ar¬ 
rangement reproduced three-fourths inch higher. On each side, 
around the upper and lower pairs of pins, are wound coils consist¬ 
ing of 400 turns each of 56-gauge Format Insulated Magnet Wire, 
care being exercised to avoid short circuits within the coils or to 
the brass tubes. With opposite polarity in top and bottom pairs, 
one side of each pair may be brought to a single terminal in a 
special bashing (Fig. 2) inserted ^tween the casting and the 
vacuum manifold at the rear of the specimen chamber. To this 
tenninal is brought one output lead from a 6~voIt, 60-cycle, a.c. 
transformer which is in turn connected to the ground lead of the 
microscope chassis. The two remaining coil leads, top and bottom, 
are brought through separate terminals in the bushing to either 
side of a 40-ohm potentiometer through the rotor of which is fed 
the other lead of the 6-volt trahhfonner. A double pole, double 
throw switch is used, <me position energises the primary of the 
transformer, the other position grounds the ungrounded side of 
rite cxals to prevent pidt-up within the microscope column. 

The pcwitioning of the coils is not highly critical, balancing Is 
adueved by adjustment of the potentiometer until there is no 
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loss of illumination with the device energised. It is possible that 
square wave deflection may offer some advantages over sine wave 
at the expense of economy and simplicity. 

This device, by increasing the angular aperture of illumination, 
decreases the depth of field and increases the sensitivity of focus¬ 
ing. At an instrument magnification of 8000X, a departure from 
correct focus of one unit on the vernier adjustment results, with 
the focusing device energized, in a blurring over hal f a railUmeter 
wide at any well-defined point. Accuracy in focusing is, however, 
closely dependent on alignment, particularly image rotation, 
which must be scrupulously centered. 

Such increase in focusing sensitivity becomes particularly 
valuable at low intensities and in low contrast biological speci¬ 
mens. Although the use of this device does not obviate the need 
for through-focus studies where exceptional resolution is de¬ 
manded, it does eliminate such precautions in routine work and 
places efficient operation and good quality results within the 
scope of the most inext>erienced operator. 

* Seen at the Inatitutc for Electron Micrewcopy, Delft, Holland (April. 
1949). 

*F. W. Bishop. Rev. St'i. Inst. 20, 532 (1949). 


Automatic Stabilization of the Overvoltage 
on a Geiger Counter 

H. R. Crane 

Randall alary of Physics, Univtrsiiy of Michigan, 

Ann Arbor, Mkhtgan 
September 2, 1949 

T he conventional Geiger counter circuit nearly always in¬ 
cludes an electronic stabilizer which keeps the high voltage 
constant. However, this does not insure that the voltage will re¬ 
main at the same value with respect to the plateau, because the 
latter may shift or change in length during an extended series of 
measurements. In many applications it is advantageous to elimi¬ 
nate the effect of drift in the characteristics of the counter tube by 
stabilizing the overvoltage rather than the absolute voltage. The 
purpose of this note is to describe a simple method by which this 
can be accomplished* and to suggest some specific applications. 

As the voltage on a Geiger counter is increased from the lower 
to the upper limit of the plateau, the pulses can be seen to increase 
gradualiy in use. The pulse size is approrimately proportional 
to die overvoltage, that is, to the excess of voltage over that 
correqmnding to the lower limit of the plateau. Thus every time a 
count occurs, the size of the pulse gives information as to the 
value of the overvoltage. This fact is made use of in the circuit 
shown in Fig. 1, the high voltage being controlled automatically 
by the size of the pulse prodhioed by the counter. 
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Flo. 1. All condenfcr and resUtor values are in microfarads and memhms. 
respectively, except where otherwise specified. The circuit Is designed for a 
B supply of 300 volts, and for a high voltage supply which gives up to 
about 400 volts in excess of the operating voltage of the counter tube. 

The condensers Ci and Cz slowly charge from the high voltage 
supply. As the voltage on the counter tube rises above the thresh¬ 
old potential, the pulse height rises accordingly. The first pulse 
whose height exceeds a value determined by the bias on the ihyra* 
tron, fires the thyratron, discharging Ct, which results in lowering 
the voltage on Cj by about 10 volts. The thyratron will not fire 
again until after Ci has recovered the 10 volts; the next pulse 
which comes along after that time will fire it. The circuit constants 
must be so chosen that the time required for Ci to recover the 10 
volts will be somewhat greater than the average time between 
counts^ at the lowest counting rate to be expected. The component 
values given in Fig. 1 make the circuit suitable for use where the 
lowest counting rate to be expected is about 50 per minute. If 
the high voltage supplied to the circuit is 200 volts greater than 
the operating voltage of the counter tube, the thyratron will fire 
once every 5 seconds. 

The “hunting** in the stabilizer appears as a saw-tooth oscilla¬ 
tion of the high voltage, with a period of 5 seconds, and an am¬ 
plitude of 10 volts. At high counting rates the upper and lower 
limits, which are 10 volts apart, arc quite precisely defined. If 
the counting rate is reduced until it is not much greater than the 
hunting frequency, the voltage will make occasional excursions 
to values considerably above the upper limit just mentioned. If, 
in addition, the counter tube happens to be one whose plateau has 
considerable slope, an error in the number of counts will be intro¬ 
duced. There is, of course, nothing to prevent the voltage from 
making excursions clear to the region of continuous discharge, 
if the counting rate is low enough relative to the hunting fre¬ 
quency. A quantitative treatment of the hunting effects with 
proper regard for the shape of the plateau would be complicated. 
However, it may be remarked from the practical viewpoint that 
the difficulties just discussed can easily be avoided, since one is 
free to choose the hunting frequency sufficiently low to suit any 
application. 

Some variations in the circuit may be mentioned: As a substi¬ 
tute for the thyratron a one shot multivibrator, a blocking oscil¬ 
lator, or a di^e in a peak voltmeter circuit together with a 
triode regulator tube can be used. We chose the thyratron only 
because it seemed to be the simplest. The dreuit is also adaptable 
to use with non-self-quenched counters. In that case the quench 
tube replaces the amplifier. If the quench dreuit happens to be 
one which gives a negative signal, an inverter must be used be¬ 
tween it and the thyratron, 

Tht length of the warm-up period for the dreuit presents a 
problem. Due to the small charjpng rate of Ci the time required 
lor It to rise from cero to the operating voltage when the power is 
first turned on is InconvenienUy long. Sevet^ eai^. eglutkms are 


po^ible. In the dreuit diown a push button switch is provided^ 
wMch increases the rate of charging by a factor 20. This is merdy 
held down undl the thyratron fires the first time, as indicated by 
flash of the neon buib. Another solution is the use of the usual 
manual voltage control (unstablUaed) at the start, with a switch 
to convert to the automatic control. 

Several applications and advantages of the dreuit are listed 
bdow: 

1. Mewurement of long duration. In whirh th« chaiacterfttka of the 
counter ere eutdect to drift due to chenaei In get preeeure. tempereture, etc. 
The circuit will follow ehifte of eeverel hundred voUk In the platmu. 

2. Um of counters having narrow and sloping plateaus. Since the voltage 
ia maintained at the same value with resp^ to the plateau, the counter 
efficiency remains essentially constant. 

3. Coincidence and anticoincidence. Since the output pulse sixe la 
bracketed between close limits, the pulses from two or more such circuits 
can be combined directly to form coincidences without the use of auxiliary 
pulse shaping circuits to bring the pulsM to uniform sUe. 

4. Use with vibrator, muitivibratur or radiofrequency high voltage 
supplies. Since the drain nn the high voltage supply is of little Importance, 
the circuit is well adapted to use with these typim of high voltage supply. 

5. Radiation monitors for safeguarding lieaith, where It may be de¬ 
sirable to have the counter run for weeks or months without attention. 

6. Measurements where attention Is not possible, such as those in bal¬ 
loons or rockets. 

The author is indebted to Mr. Earl McDaniel for asdstance in 
developing the dreuit described. 

* Since writing this note it hss come to my attention that a circuit which 
accomplishes the same result has been developed, independently, by the 
Radioactive Products Corporation of I>etroit. Michigan. 


Long-Lived Self-Quenching Counter Filling 

Lloyd G. Shoxb 

IZadfsikm Counitr Laboratorus, tn<„ Ckkoio, lUinoii 
October 24. 1949 

I T has been found that counters filled with a suitably propor¬ 
tioned mixture of the four gases argon-xenon-oxygen-nitrogen 
are self-quenching when operated with the same counter drcuils 
ordinarily used with conventional self-quenching counters (Fig. 1). 
Such counters may, furthermore, have long and flat plateaus and 
operate at reasonable voltages even up to near atmospheric filling 
pressures. Most important, these counters have shown no ap¬ 
parent deterioration in plateau characteristics after prolonged 
operation at rather high counting rates. Similarly, holffing them 
at extreme overvoltages in “continuous** discharge for extended 
periods also has had no apparent adverse effect on subsequent 
performance. 

Figure 2 indicates how the oounter performance is affected by 
variations in the composition of the mixture. These data were 
taken with glass counters having 0.002-in. tungsten center wire, 
)-in. diameter silver cathode and 3*m, active length. The data 
given for “threshold** represent the triggering voltage for the 
scaling dreuit at the usual 0.25 volt sensitivity. The data given for 
“approximate length of counting region*' represent the approxi* 
mate length in volts of that region above threshold wherein tlie 
counter was responsive to a radioactive (gamma) source and ex¬ 
hibited seif-quenching behavior. This counting region does not 
represent, in every instance, a satisfactory counting plateau 
since in those cases where the filling parameters were far removed 
from optimum the oscilloscope pattern frequently showed erratic 
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Fig. 2. Effect of mixture compoiition (for the particular caae of 15 
mm xenon. 1 mm oxygen, IS mm nitrogen and argon the balance to 73 cm 
total preMure). 

or multiple pulse formation. Nevertheless, in the many instances 
where the ^ling parameters were more or less optimum and 
particularly at the lower overvoltages, the observed pulses were 
discrete and even in si*e, reflecting proper self-quenching Geiger 
region performance. The curves i^ow the effect of varying the 
partial pressure of a single component while keeping the remaining 
three components at the particular values of 15 mm xenon, 1 mm 
oxygen, 15 mm nitrogen and argon the balance to 73 cm total 
pressure. Similar trends are also obtained for other cases of work¬ 
able mixture compositions. It is apparent that minimum values 
exist for each of the components below which most satisfactory 
performance is not achieved. The xenon, furthermore, exhibits a 
sharp threshold lowering effect until it is present in rather appre¬ 
ciable amounts. 

Figure 3 shows the excellent plateau characteristics which may 
be obtained with a more or less optimum filling. 

Although the exact self-quenchtng mechanism operating in the 
four<omponent mixture needs further consideration, the ex¬ 
tended counting life and resistance to adverse overvoltage effects 
seem consistent with the relatively simple chemical nature of the 
fllUng, The life of the usual polyatomic quenched counters is 
known to be limited by decomposition and decomposition products 
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of the polyatomic constituent and it has been the writer’s experi¬ 
ence that such counters are either rendered useless or show ap¬ 
preciable deterioration by 10^ to 10* counts. In contrast, life 
testing of the new mixture has thus far shown no apparent de¬ 
terioration at all after several weeks continuous operation at 
approximately 10* counts per day. 

Promising applications for this long-Uved counter filling appear 
to exist. It is felt that further studies on this and other noble- 
simple gas multicomponent mixtures would be desirable. 


On the Vacuum Properties of Silastic* 

G. D. Adams and W. C. Shkrwin 
Physics Departnuni, University of lUinois, Urbana, lUinois 
August 19, 1949 

T he authors have independently investigated the vacuum 
properties of Dow-Coming Silastic rubber. Some attention 
was given to each of Silastic Nos. 122, 123,125,126,150, and 160. 
The conclusion was reached that the material is not useful for 
vacuum below 10”* mm Hg without very special precautions. It 
has a fairly high vapor pressure and the body is not completely 
impermeable. 

I. In the course of developing vacuum seals for the 300-Mev 
betatron tube, it was hoped that some gasket material could be 
bonded to the porcelain section. This material should be workable 
into such condition as to permit a vacuum-tight joint and prefer¬ 
ably should be relatively resistant to deterioration in the presence 
of ionization. To this end a series of experiments involving Silastic 
were conducted. In these the Silastic was bonded to the ends of 
porcelain sections and then faced to give a smooth Silastic-Silastic 
interface at the seal. 

Silastic cured in our laboratory appears to have properties very 
similar to commerdally cured sheet Silastic. More than twenty 
bonded seals were prepared and studied. Pumping a volume of 
about 3 liters through 1 meter of 2-in. glass tubing with a VMF-2D 
oil diffusion pump, almost every one of these seals allowed no 
better than 1 to 2X10"* mm Hg to be reached. Heating while on 
the system liberated great quantities of gas but in the end did 
not help the vacuum materially. Testing for leaks with hydrogen 
indicated a transmission with a time delay of several minutes. 
This effect was not present in the absence of Silastic, Tests on the 
condition of the surfaces indicated the leakage was not entirely 
due to surface channels. This series used surfaces which were 
rough-cut, smooth-cut, dry, and coated with high vacuum grease. 
In another test, Silastic was directly bonded and cured between 
two porcelain sections. Vacuum tests on it gave substantially the 
same results as on seals containing an interface. We believe these 
experiments indicate diffusion through the body of the Silastic. 

It was possible to use Silastic, either as cured by us or as com¬ 
mercial sheet, to obtain vacuum of the order of 10"* mm Hg. This 
required compressing the Silastic to about one-half the original 
thickness, the sides not being constrained. It was noticed that the 
vacuum improves rapidly in the neighborhood of the critical 
compression. If the compresrion much exceeds the amount neces¬ 
sary to make a *^tight” seal, it may rupture. Since several other 
tests also indicated that more compression would be required 
than that which we had available, this material was no longer 
considered. 

n. Silastic is stable at moderately elevated temperatures at 
which ordinary rubber decomposes. This quality was desirable 
for gaskets in a metal vacuum system whidi could be outgassed 
by heating and also earily disassembled. The required ultimate 
pressure of the system was below 10"^ mm Hg. The experiments 
described in this section were performed to evaluate the material 
for this purpose. 

A sample of Silastic was tested in a vacuum system whose 
ultimate pressure was mm of Hg. With the Silastic inserted, 
the ultimate pressure was only 2X10"* mm of Hg. When the 
Silastic was Imted in the vacuum for 30 hours at 100^, the ulti¬ 
mate pressure was reduced to 2X10"* mm of Hg when hot, and 
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IX10“*^ mxn of Hg at room ten 4 >erature. It thus appears that 
Silastic can be freed from the high vapor pressure fractions by 
vacuum heating. * 

A more serious problem with Silastic Is Its tendency to permit 
aqolUary-type tea^ when used as an ordinary gasket. Gaskets 
were cut from sheets and compressed in smooth brass tongue- 
and groove-gasket assemblies. The system, with the gasket in 
place, was evacuated and heated to lOO^C for 15 hours. All these 
gaskets contained leaks which required three to five minutes to 
^ow on a mass-spectrometer leak detector. This unusually long 
lag demonstrates the capillary nature of the leaks. 

For further study, a seal made with two concentric gaskets was 
constructed. The air was pumped out and re-admitted to the 
space between the gaskets. In either case the pressure inside the 
vacuum system took several hours to reach a stable value. This 
slow approach to equilibrium suggests that some of the leaks are 
exceedingly fine capillaries, possibly indistinguishable from ordi¬ 
nary diffusion. 

The total leak rate on a gasket two inches in diameter was 
measured and found to be 5 to 10 liters per second at mm 

It is seen that both authors have arrived at a similar conclusion: 
the material tested will not usually be applicable to vacuum below 
10** mm Hg because of permeability. 

* This work was supported by the Joint Program of ONR and AEC. 


Fomation of Insulating Layers by the Thermal 
'Decomposition of Ethyl Silicate 

Harold B. 1.aw 

RCA Laboratories, Princeton, iVw Jersey 
August 22. 1949 

I T has been found possible to produce highly insulating films 
on objects that are placed in a vacuum and heated to a high 
temperature in the presence of ethyl silicate vapor. Thermal 
decomposition of the vapor takes place at the high temperatures 
to produce silica and water. 

The silica film builds up readily on hot objects and much more 
slowly on cold objects such as the walls of the vacuum chamber. 
The low temperature films are quite soft as they contain consider¬ 
able water, but the hotter the object the less water will be in¬ 
cluded in the film. 

The procedure that has been used is to place the object to be 
coated in a metal can and then arrange to heat the can by r-f in 
vacuum. A side tube containing liquid ethyl silicate is attached 
to the vacuum system with a stopcock or rubber hose and pinch 
clamp connection for the purpose of introducing ethyl silicate 
vapor. A fore pump vacuum is all Uiat is required since the vapor 
pressure of ethyl silicate is 1.8 mm Hg at 20®C.* A trap has been 
used to freexe out excess vapor flowing through the system. 

The rate of deposition of silica on hot surfaces depends very 
strongly on the temperature of the surface. To determine the rate, 
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Ni strips were haated to various teQ^>eratures for a given time 
and the rate of deposition noted. Appioxunately 0.1 oc of liquid 
was vaporised into the system per minute during the testa. The 
curve obtained is given in Fig. 1. 

While running the experiment on deposition rate, It was ob¬ 
served that the first four strips, or those processed below 870*^C, 
had films that showed no visual structure of any kind, while dl 
those from 900‘'C to HOOT showed a milkiness that increased 
with the temperature of deposirion. At the high^ temperatures 
the surface contained a coating of very finely divided particles 
that could be brushed ofi. However, It was found later that if an 
object to be coated were heated below 850® until a perceptible 
layer of silica was dqposited, the temperature could then be raised 
without the fine particle formation. Instead the films became 
translucent or opal in ^pearance when thick. 

X-ray diffraction pictures show one broad line at 4.4A for both 
the high and low temperature deposition. Vitreous silica has a 
broad band at 4.33A, 

A characteristic of the film is its tendency to shrink during 
formation. Since water is liberated when decomposition takes 
place, the shrinkage is probably associated with dehydration of 
the film that has b^ deposited. 

Shrinkage of the film is well demonstrated by coating a fine 
mesh copper screen that has been mounted on a metal ring.* In 
order to keep the shrinkage of the coating from tearing the 
screen out of its mounting ring, it is necessary to drop the tem¬ 
perature of deposition shortly after the coating begins to form. 
Dropping the temperature tends to relieve the screen tension 
because the coated screen has an expansion coefficient charac¬ 
teristic of rilica. 

The excellent insulation provided by the coating makes it 
suitable for storage tubes that require insulating films for their 
operation.’ It is also possible to make a fine mesh silica screen 
with tubular wires by first coating a fine metal screen with silica 
and then dissolving out the metal by prolonged exposure of the 
coated screen to add. 

» Bth:A Silicate (Carbide and CartKm Chemical Corporation of New York)i 

* H. B. Iaw. "A technique for t4ie making and mounting of fine mesh 
screens." Rev. Sd. Inst. 19. 879-«81 (1948). 

*L. Pensak, ^'Conduction induced by electron bombardment In thin 
insulating hlms," Pliys. Rev. 75, 472-8 (1949). 


Vacuum Tight, Fleiible Metal—Glass Seal 

Kkmnkth M. Sancibr 

Chemistry Deparimanit, Johns Uniaenity, 

Battimore id, Maryland 
October 10. 1949 

A SLEEVE of Saran tubing can be uaed to form a vacuum tight, 
fiexible seal between metal or glass tubing. The thermo¬ 
plastic Saran tubing heated to the softening point is sl^>ped over 
the hot metal or glass tubing \ a snug fit is derirable. Fuller heat¬ 
ing with finger pressure completes the bond between plastic and 
rigid tubing. If suffident care is taken, an open flame can be used 
for the heating process; the hot gases above a flame are suffident 
to soften the plastic. When metal tubing is part of the joint, 
thermal conduction can be utilised for the softening proceM. 
While the seal described above can easily be made satii^tory 
for vacuum of about 10"* mm or better, any small leaks remaining 
may be sealed by painting the joint with Glyptal. 

Such a seal was used where it was necessary to control the trans¬ 
fer of solutions of methanol and carbon tetrachloride from one 
part of a glass system to another, and where glass stopcocks lubri¬ 
cated .with grease could not be tolerated. In this application a 
Hoke needle valve with copper tubing soldered to the inlet and 
outlet was sealed to.the tubing using sleeves of In 
this way a fferible and completely va^um tight assemble was 
constructed. Saran has the further advantage of absorbing less 
than 1 percent of carbon tetraddoride and OM percent tk me^ 
anol, by wd^^t, thus no softening or iwdlii^ resulti ^rm con- 
tkued cemtact of sudi sdtttUim with tbe s^ 
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A Procedure for tiie Solution of Certain 
Network Iht>bleins 

John M. Kelso 

Hadio Propagation Z.,o^cHrafory, Penmpifania State CotUge, 

State CoUege, Pennsylvania 
September 29, 1949 

T he foUowing procedure was developed as a method for 
setting up network calculations to determine theoretically 
the distributed capacitance of coils. Actually the method is much 
more general than this^ and is not restricted to electrical problems. 
However, it seems simpler to discuss it first in terms of the original 
problem, and then to make a few remarks concerning possible 
generalisations. 

We wish to determine the capacitance existing between the 
ends of a coil of N turns, assuming that the capacitance between 
any pair of turns is known. This is equivalent to a set of points 
1,2, ‘ , A^, with Che f-th and jAh p<^ts being connected by a 

capacitance C„. The equivalent circuit diagram becomes very 
complex for JV greater than 5 or 6. Figure 1 shows the equivalent 
circuit for where we wish to know the total capacitance 

between the points 1 and S. 

In order to calculate the total capacitance of this network, the 
capacitances may be considered to be formed of parallel branches, 
each branch being made up of one or more capacitances in scries. 
It is convenient to begin each parallel branch with the first con¬ 
ductor and end with the last. If this requirement is to be fulfilled, 
it frequently happens that some of the connections, say Ctt, must 
be ua^ in more than one parallel branch. Suppose, for example, 
that Cif is to be used Q times. The capacitance C,,' is replaced by 
Q capacitances, each of value in parallel. Then each time it 
is required to find a path from i to a different one of these Q 
capacitances is used. 

The method given here for selecting a set of parallel paths is 
adapted to the use of unskilled computing help, since it does not 
require the use of a circuit diagram, and gives automatically the 
number of times that a particular capacitance has been used. 

We denote the capacitance between two points by the numljcr- 
palr corresponding to the subscripts used above. We may, then 
arrange these number pairs as the upper right, off-diagonal ele¬ 
ments of an AT by iV square array. The principal diagonal is 
empty, and the lower left corner is filled by transposing the 
original elements across the principal diagonal. Such an array is 
shown in Fig. 2. 
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Using this array, suitable sets of paths can t>e obtained. The 
procedure to be followed in obtaining one such path is as follows; 

m (i) Choose «s the first ^rnent, tome element in the first row; 

(U) for the second element, choose any element in the same cotnmn as 

third element lies in the same row as the second; 
alternation of rows and columns is continued until one of the 
eiemehU chosen lies In the last row or column. 

Each atoppi»g point in such a path through the array forms one 
capadtanoc b a patalldi braneb As each dement in the upper 
hadf is used, it is checked off. Each time an element b the lower 
pocUtm is used, its tnmsposed dment m the upper- right is 
duKked, When all of the elements b the right have thus 
bemi chedeed^ a complete set of paths has been obtabed* The 
Is used b the sense thst dds set ol paths is 
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sufficient to calculate the total capacitance of the network, and 
it is not to be considered that the use of this word means that all 
possible paths have been found. 

(A brief description of the above procedure may be given in 
terms of the game of chess; starting at a square on the first row, 
move to the last row or column by a scries of ‘*rook'^ moves, with 
row and column moves alternately.) 

The elements of each single path are then added up in the ap¬ 
propriate manner as a series circuit, and finally the total group 
of paths is added as a parallel circuit. 

As mentioned previously, the procedure discussed here is much 
more general than a method for calculating distributed capaci¬ 
tances. It is, in fact, really a method for selecting a set of parallel 
paths completely through a network. The set obtained is not 
unique, but is such that each element is used exactly once. If it 
is desired to sum the total effect of the paths, as in the capacitance 
problem, then the requirements on the quantity involved are that 
it can be added by first adding in series and then adding the 
parallel branches, and that a single element that must be used Q 
times may be considered to be formed of Q elements in parallel. 
The present method may be used for any quantity fulfilling these 
conditions. 

It might also be noted that it is not necessary for all of the 
interconnections to exist. The lack of some particular connection 
would merely resxilt in a gap in the array, which would not be 
serious as long as the circuit is such that a proper set of paths 
actually exists. In addition, some of the pairs of points may be 
connected by more than one element. In this case, the procedure 
would be the same as for the case where an element is to be used 
more than once. It is merely necessary to fiind several paths one 
of which includes each of these different elements. 

We now give a proof, in words, of the principal assertions made 
above. 

1. The upper right off-diagonal part of the square array con¬ 
tains ail possible pairs ij for t, 1, 2, • • •, AT, except Hence 
for each possible connection between the point» and the point j 
(i and J different) there is exactly one place in the upper right 
part of the array and a corresponding place in the lower left part, 
(As will be riiown below, it is not necessary, however, that each 
dement of the array be filled). 

2, It Is dear that making dther a row or a column move en¬ 
tirely within one part of an array preserves one of the two sub¬ 
scripts. That is, we go from to ift, or from ij to kj. The effect of 
crotfilng the diagonal is not as evident. 
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The lower left part of the array is the lower left part of the 
transposed array of the original.^ llius, in the »-th column below 
the diagonal, we have the elements of the original i-th row; In the 
/^th row below the diagonal, we have the elements of the original 
J-th column. Further, in the upper right part of the array, the first 
subscript is always smaller than the second, since each row begins 
with the element Because the order of subscripts has not 

been changed in writing the lower part of the array, it is always 
true that the second subscript is greater. Thus in crossing the 
diagonal, the following occurs: 

(a) Going from the element ij in the y-th column above the 
diagonal, we may stop at any element jk in the same column 
below the diagonal. Since the second subscript is always greater, 
k>j>i. 

(b) Going from the element pq in the g-th row below the diag¬ 
onal we may stop at any element qr in the same row across the 
diagonal. Here also r>q>p. 

So that we may say that all moves as described preserve one 
subscript. Moves across the diagonal invert the position of this 
subscript, and also insure that the altering subscript increases. 
This increase would be of interest if there is some type of problem 
where it is useful to move to progressively higher numbered ele¬ 
ments of the circuit. 

Consequently, a series of moves as described would give a 
sequence of subscripts, • * -qN, In the circuit this is 

equivalent to going from the point 1 to the point j \ from the point 
% to the point /; • * *; from the point q to the last point, N. If all of 
the possible connections of i to j exist, this is clearly one of several 
posrible paths. 

3. Let us consider what occurs if some of the connections are 
not made. We assume that an element may be used in more than 
one sequence of moves; hence, in order to be able to make a ver¬ 
tical move, it is only necessary that there be another element in 
the same column. But in the >-th column, the index i is one of the 
subscripts, while the other takes the values 1, 2, • • iV (exclud¬ 
ing «). Thus, for a vertical move to be impossible in the i-th colunm, 
it would imply that the *-th clement has only one connection to 
another element. Thus it would not be truly in the network we are 
considering, and can be neglected. (In the electrical case, a current 
would flow from the j-th clement to the »-th, but there it would 
have no place to go.) Similar remarks apply to a horizontal move. 

We have therefore shown that: (1) ^ch element in the circuit 
is rq)resented in the array; (2) a sequence of moves as described 
gives a path through the circuit; and (3) it is always possible to 
make a proper move, unless some element which is included in 
the array Is not truly in the circuit. 

It mi^t be noted that the transposed array need not be used 
If the circuit has sufiidently few gaps that special cases can be 
provided for by other means than the moves described. (The ele¬ 
ment 12 is always such a special case, as can be seen in Fig. 2.) 

This work was done tmder the direction of Dr. A. H. Waynick, 
and was supported in part by Contract No. AF19(122)-44 with 
the U. S, Air Force, through sponsorship of the Geophysical Re¬ 
search Directorate, Air Materiel Command. 

»A, A. Albert, Introduction to Algehraic Thoorits (Ualvewlty of Chicago 
Pren. Chicago. 1942). 


A Small Portable Reflectometer < 

WnxiAK Libbh* ano Nobl W. Scott 
Rettorch and PoHhpmont taboratorut. The Bngincer Center 
and Fort mook. Fart Betooir. Virginia 
August 1, 1949 

F or measuring the reflectance of the 60-in, parabdoidal anti¬ 
aircraft searchlight reflectors made at this laboratory, a small 
portable reflectometer has been used since 1942, The accuracy of 
the portable reflectometer for making measurement! on the curved 
surfaces of 60-in. (25.5-in. focal length) and the 24-in. (lO-in. focal 
length) paraboloiik has been checked by catting out and measure 
ing the reflectances of small sections, both with it aiid with an 
aMute reflect<mieter. It gives consutent readings to at least one 



Fig. 1. 


percent in reflectance, and has been used satisfactorily where it 
was inconvenient to use the absolute reflectometer. 

The instrument, shown in Fig. 1, projects a collimated beam of 
light from a light source through a semitransparent mirror to the 
reflecting surface, the reflected light being measured by a selenium- 
type photoelectric cell. 

The light source, a 6- to 8-v lamp painted black except for a 
3-mm diameter hole in the top, is operated from a 6.3‘V filament 
transformer and a voltage regulator. 

The current output of the selenium cell, which has a sensitive 
area of about 13 mm in diameter, is measured by a taut-suspension 
mirror "spotlight*^ galvanometer having a sensitivity of about 
10“* amp./mm. The sensitivity of the galvanometer, which has 
100 scale divisions so that readings may be made directly in per¬ 
centages, is controlled by a potentiometer between the cell and 
the meter. 

Calibration Is effected by using as standards two small, 2- by 
2-in. mirrors of polished metal with differing reflectances. One of 
these, plated with rhodium, has a reflectance of from 70 to 75 per¬ 
cent, the other, plated with nickel, has a reflectance of from 60 
to 65 percent. The reflectometer is calibrated by placing it upon 
one of the standards, and by adjusting the potentiometer across 
the galvanometer so that the scale reading equals the known 
reflectance of the standard. As a check it is then placed upon the 
second reflectance standard. This procedure both calibrates the 
reflectometer and checks it for proper operation. The presence of 
stray light may be detected by pointing the reflectometer into 
free space (zero reflectance). 

* Now at Brookhaveu National Laboratory. Upton, New York. 


The Differential Pulse Transformer Bridge Circuit 

John Alan Glbdhill and Andrew Patterson. Jr, 

Starling Ckomittrv Laboratory, YaU Uniwrsity. 

Now aaun, Connecticut 
June 10. 1949 

T N the coi^ of devising a new method for the measurement 
A of the Wien effect, we have evolved a bridge circuit suited for 
the study of the behavior of impedance elements when subjected 
to current or yolt^c pulses of widely varying amplitude and 
duration. Tlic circuit, which resembles Ae differential transfonner 
bridge mentioned by Hague,* is shown in Fig, 1. The use of pulsed 
instead of sine wave exdUtion permits a number of 
improvementt in performance. The essential feature of the dtcuU 
is the diSerentisl pujse transformer, Tr. The identical twin pri* 
mary windings are connected in <^>position in series with the Im¬ 
pedances Zx end Z\. An osdlloscope is used to o^rve the vdtaae 
developed across winding 3. If Zi and Zt are equal pure reriitancm, 
for example, equal and oppodte fluxes will be devdoped in the 
Mrs when voltage ii appUol to the dmit and no vdtaga will be 
Induced ecross wln^ 3. If Z, and z. am uMgiiai, 
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or removal of the small re^tances ri and as needed, or the 
varying of one of the impedances in terms of which the other is 
being measured will again result in no voltage being developed 
across winding 3. Thus, balance is indicated by a null in voltage 
from winding 3. The reversing switch, 5w, allows elimination of 
any small inequalities in the primary windings. 

It may be shown mathematically that these same results will be 
obtained for any form of exciting voltage—sine wave, square pulse, 
or otherwise—so long as the transformer is suited to passing the 
band of frequencies involved. It may also be shown that the cir¬ 
cuit is suited, under these circumstances, for use as an entirely 
general impe^nce bridge and that it may be balanced so long 
as any impedance Zi may be matched with a like impedance Zt- 

The sensitivity of the bridge is limited only by the input voltage 
applied and the gain available in the bridge amplifier, together 
with the transformer design requirements that the magnetising 
inductance be as large and the coupling between the windings as 
close as possible. The close coupling has a further advantage in 
that the effect of differing earth admittances is minimixed; un¬ 
balanced earth admittances will be reflected almost equally in 
both windings and thus cancel. 

If square pulse excitation is applied, the ease of null detection 
(and hence of bridge balance) is greatly enhanced. First, both 
positive and negative pulse outputs may be obtained from winding 
3 depending on the direction of the difference between Zi and Zt; 
thus the direction in which one or the other must be altered 
to obtain balance is immediately indicated for any given bridge 
arrangement. With sine wave input this direction is not im¬ 
mediately apparent with ordinary oscilloscopic presentation. 
Second, R, L, or C components of an impedance affect the pulse 
shape differently. In the case of a parallel R-L-C combination, it 
may be shown that unbalanced C differentiates the pulse and 
produces humps at each end, opporitely directed; unbalanced L 
integrates the pulse and produces a slant on the top of the pulse; 
unbalanced R gives an output proportional to the unbalance and 
moves the pulse above or below the center line. In practise, it is 
not difficult to balance these three components separately, since 
the shape of the pulse observed indicates at once both the com¬ 
ponents out of balance and the direction of unbalance. This is in 
contrast to the case of a sine-wave excited bridge with either ear¬ 
phone or oscilloscope null detector. With the latter, an elliptical 
display may be employed to give separate indication of R and C 
components, for example, but in both the earphone or oscillo¬ 
scope displays with sine wave input considerable time must be 
spent exploring for the direction of balance with reduced gain in 
the bridge amplifler; with pulse excitation the necessity of doing 
this is appreciably reduced. 

The requirements outlined for suitable bridge transformers are 
not such as to require special transformer design. For pulses in the 
microsecond range, radar pulse transformers will often serve; in 
the millisecond pulse range, high quality audio transformers are 
wdl suited. In any case, two closely equal windings and a separate 
third winding are required and it must be established that the 
transformer has a frequency response adequate to pass the pulses 



to be used. We have used a hifilar wound magnetron input trans¬ 
former (Western Electric D-I63325, with one bifilar winding re¬ 
moved from the secondary) successfully. A much smaller micro¬ 
second-range transformer was made from a small 3-mil Hyper^ 
core (Westinghouse No. t31 7996) with two windings each of 
No. 30 Forrovar and one of 107 turns of No, 32 Formvar layer 
wound and distributed on both legs of the core. 

To test the performance of the circuit, we have made impedance 
measurements with square pulse exdtation at pulse lengths rang¬ 
ing from 1 to 1500 /isec. and voltages from 10 to 30,000 (for the 
shortest pulses) and have found it possible without difficulty to 
measure resistances, capacitances, and inductances as well as 
not too complicated series and parallel arrangements of these with 
accuracies comparable to those of the usual a.c. bridge methods. 
It has been found possible to employ the usual decade resistances 
and precision variable capacitors in making measurements on 
unknowns and still obtain accuracies in the range of 0.1 percent. 
If the residual inductances and capacities may be balanced out, 
this figure may be improved upon. Under special circumstances 
where very high voltages may be applied to the impedance ele¬ 
ments, accuracies of 0.01 percent are readily achieved. 

The following advantages of the circuit in application may be 
mentioned. By using short pulses at bw repetition rates, down to 
one pulse only, heating of the measured elements is greatly reduced. 
This is particularly important in the investigation of elements 
with high temperature coefficients, of which the conductance of 
electrolytes Is an example. The speed and ease with which balance 
may be reached is an important point in this same connection. 
If an appropriate pulse length is used, the method is capable of 
distinguishing parallel and series R-C circuits without requiring 
sever^ measurements at different frequencies as is the case with 
the conventional sine-wave excited a.c. bridge. In cases where the 
field strength applied to the measured impedances must be ac¬ 
curately known or must be quite large, the facts that at balance 
the full pulse voltage is applied to the impedances and none across 
the transformer result in conriderable economy in bridge exdta¬ 
tion equipment and simplidty in field strength calculation. This 
result comes about because at balance the flux In the transformer 
is zero and accordingly no voltage exists across It. This is in con¬ 
trast to the usual Wheatstone bridge dreuit, where, in order to 
obtain maximum sensitivity, equal bridge arms are required, so 
that in such a case at most only half the input voltage may be 
applied to the measured elements. 

* B. Hague, AUttnaiimt Current Bridie Methods (Pitman Publtahing 
Corporation, London. 1938), fourth edition, pp. 421-422, and references 
cited there. 


Preparatioii of Single Crystal Copper Ribbons 
from Single Crystal Copper Rods* 

A. A. Pbtrauskas, E. A. Coo^nts, and J. E. MacDonau) 
Department of Rhysics, University of Notre Dome, Notre Dame, Indiana 
August 9. 1949 

I N connection with work on electronic emission from single 
crystal surfaces, a method was developed for processing single 
crystal ribbons of a^per from single crystal rods. A rod having 
a known orientation of the crystallographic planes with respect to 
the axis of the rod was embedded in a block of brass. The rod was 
soldered in place for added mechanical support, and then the blodc 
was machined in the form of a strip approximately 0.04 inch thick. 
The block was mounted so that the surface which was cut exposed 
the desired crystallographic planes. The copper strip obtained in 
this manner was cemented on a steel block with Cenco Sealstick 
and the surfaces were ground parallel with a surface grinder. 
X-ray studies revealed that deformation of the single crystal 
strip extended to a depth of about 10 mil below the surface. 

The deformed layer was oxidised and then the cupric and 
c^rouB oxides were rmnoved by the chemical process reported by 
B^er and Gibbs.^ The str^ of copper was oiddised for 10 
minutes at 9(XfC and then transfer^ to another fomace at 
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500^ where it remained for one-half hour. It was found that the 
Uie of die second furnace at the intermediate temperature reduced 
the chippixig off of the oxides when the strip was allowed to cool 
to room temperature. 

Following the oxidatiou, the strip was placed in an alcoholic 
solution of HCl to which fresh stannous chloride has been added 
(40 cc of concentrated C.P. HCl to one liter of formula i2A 
denatured alcohol; 40 g C.P. fresh SnCl*-2H*0). This solution 
dissolved both cupric and cuprous oxides. A non-polar medium 
of denatured alcohol was used since dilute aqueous solution of 
HCl attacks copper, and stannous chloride was added to reduce 
quickly the cupric ions to cuprous ions as the cupric ions attacked 
metallic copper. 

An atmosphere of dry carbon dioxide above the alcohol solution 
prevented water vapor from dissolving in the alcohol. Vigorous 
agitation greatly speeded up the solution of oxides. 

Approximately 10 mil of copper, 5 mil on each side, was re¬ 
moved in one oxidation procedure. This process was repeated until 
a smooth single crystal copper ribbon 5 inches long, 0.13 inch wide 
and about 0.003 inch thidc was obtained. 

This method of reducing the thickness of the strip was the most 
satisfactory one of the three methods attempted. Both straight 
chemical attack and electrolytic polishing pitted the copper 
producing minute holes which penetrated the ribbon. 

* This work was spfjnsored by the Research Corporation. 

1 Irvtn Baker and R. Stevens Gibbs, lod. Kng. Chem., Anal. EUl. 18, 
124-127 (1946). 


Sensitivity of Schwarz-Hilger Thermopiles 

K. Schwarz 

Hiller and Waits, London, Emtiand 
January 3. 1949 

I N his report on infra-red instrumentation and techniques, 
Williams' refers to the Schwarz thermopile made by Adam 
Hilger, Ltd., London, England, and he makes the ststement that 
although a sensitivity of 60 aiv/mw is claimed by the makers, 
measurements made on two or three minimum area Schwarz 
thermopiles showed a sensitivity of only 8-12 mv/mw. No actual 
figures are given for the receiving area, the resistance of the 
couple, and the method of measurement. The sensitivity of 60 
Mv/mw is claimed lor a vacuum thermocouple with an area of 
2X0.2 mm and a resistance of 70-100 ohms, i.e., for 140-200 ohms 
for a compensated thermocouple of this type. All the measure¬ 
ments are made with a Hefner lamp as the light source at a dis¬ 
tance of 50 cm from the receiver. The arrangement is rimilar to 
that described by Gcrlach,* and a double-walled shutter is inter¬ 
posed to cut off the radiation. For vacuum thermopile No. F 
(1323301/49242), which contains two independent compensated 
elements with receivers of 2X0.2 mm behind a window of KBr, 
we found with the above method values of 72 mv/mw and a total 
resistance of 200 ohms for both elements. The same thermopile 
was tested by the N.P.L. which reports: 

''The thermopile which bears the type and serial No. F 
(1323301/49242) is a vacuum thermopile with four receiving 
elements each approximately 2 mm by 0.2 mm. The elements are 
in line and He parallel to the axis of the inner of two \ubular en¬ 
velopes. Radiation can reach the receiving elements through a 
longitudinal slot in the outer envelope and a potaswum bromide 
window in the wall of the inner. Ea^ of the outer receiving ele¬ 
ments is electrically connected in series oppo^tion with the ad¬ 
jacent inner element. The radiation is intended to be received on 
the iimer element of the pair, the outer element providing com¬ 
pensation for temperature dumges. 

The sensitivity of each of the inner elements of the thermopile 
has been determined by comparison with Laboratory standards 
ttsing as a source of radiation a blackened metal disk heated to a 
tm&fMratttte of af^ximately 20(FC« Hie thermopile was 
motmted verricatly snth the (daae of the slot in the outer envelope 


perpendicular to the direction of the incident radiation. The 
compensating elements were diielded from direct radlatlmi from 
the source by metal screens covering the upper and lower en^ 
of the slot. 

Ilie source, which was about 4.0 cm in diameter, was situated 
about 50 cm from the thermopile and produced in the plane of the 
thermopile elements a uniform radiation intensity of approxi¬ 
mately 0.5 mw/cra*. 

Under these conditions the setmtlvities of the inner elements, 
expressed in terms of the open-circuit e.m.f. puroduced and the 
intensity of the radiation in the plane of the elements, were found 
to be: Sensitivity of upper element, 251 mv/w/cm*; sensitivity 
of lower element, 251 mv/w/ciri*. The accuracy of the calibration 
is estimated to ^ ±1 percent 

These values were obtained after the thermopile vacuum had 
been improved by using the getter according to the instructions 
supplied with the thermopile.*' 

As the area of the receiver is 4.10*^ cm* the sensitivity, expressed 
for a radiation of 1 pw falling on the receiver, is 62.8 mv/mw. 
These values are in fairly good agreement with the values meas¬ 
ured with the Hefner lamp if one takes into account that the 
spectral distribution of the light sources Is different. 

The discrepancy between these values and the values reported 
by Williams may be due to the fact that the blackening of the 
receiver of the early types of thermopiles has not l)een adequate 
for the longer wave-length region. 

^ Van Zandt Williams, Rev. Sd. Inst. 19. 135 (1948). 

»Gcrlach, PhysUc. Zeits. 577 (1913). 


A Technique for Cuttii^ Metal Single Ciystala 

T. R. McGUIRK'** and ROSEKT T. WlBSERf 
Sloane Physics laboratory, YaU UniursUy,X 
Sew Haven, Connecticut 
August 5. 1949 

M etallic single crystals grown by the Bridgman method 
are usually in the form of long cyliriders. Ordinary methods 
for cutting pieces from such crystals arc (1) to use a fine saw 
followed by an acid etch to remove the damag^ and contaminated 
suiface, or (2) to coat the crystal with paraffin which is then 
scribed along the line of the desired cut—the cutting process is 
then accomplished by etching with acid. 

The first of these methods is rapid but involves the danger of 
severe damage to the crystal. Care must also be egercised to 
remove the last trace of ferromagnetic impurities left by the saw. 
The paraffin technique eliminates these objections, but, in 
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practice, cuU made by this method require many hours o! almost 
constant attention and even then yield very poor looking results. 
Moreover, in many cases, the add eats under the paraffin which 
then falls off because of the heat generated by the reaction. 

Seeking to overcome these difficulties, a simple saw was buUt 
as shown in Fig. 1. The cutting action is due to acid carried by a 
Fiberglas^ thr^ which passes through an acid bath, A, and over 
the crystal, C. The thread also passes over a glass rod, G, and is 
maintained tmder light tension by a small phosphor bronze spring, 
5. The bar, B, to which the thread is attached is constrained to 
move in slots, L, and is driven by an eccentric, £. The eccentric 
is rotated at about 8 r.p.m. by a geared electric motor. 

The Fiberglaa thread has high tensile strength, but sharp bends 
should be avoided, as the thre^ wears down quickly by abrasion. 
In the apparatus used by us, the thread must he replaced every 30 
to 60 min. but no other attention is required. 

The proper etch to use with each metal can be found by consult* 
ing Metals Handbook} A few metals, such as aluminum, are cut 
very slowly as etching solutions containing hydrofluoric acid 
cannot, of course, be used in this device. About 5 hr. are required 
to eat through a 1-cm diameter tin crystal. The cut surface is 
square and somewhat roughened. With minor modifleations, two 
or more cuts could easily be made simultaneously. 

♦ Now at the Naval Ordnance Laboratory, White Oak, Silver Spring, 
Maryland. 

1* Now at the Naval Research Laboratory, Washington 20, D.C. 

i Assisted by the ONK. 

> 'rhis thread can be obtained from the Owena>Corning Fiberglas Cor* 
ixiratiou. Coming. New York. 

> ASeUUs Handbook (American Society for Metals, Cleveland, Ohio. 1949). 


Pulse-Height Limiting Circuit for a 
Scintillation Detector 

W. C. Elmore 

Svfarihtnor€ CoUsge, Swarthfnore, Pennsylvania 
October S, 1949 

T he modem scintillation detector of radiation consists of a 
phosphor used in conjunction with a photo*multiplier tube, 
such as the RCA 931-A, or the newer RCA 5819.* With such a 
detector the output voltage pulses have a considerable range in 
amplitude, and difficulty is often experienced in amplifying low 
level pulses, approaching in size the noise pulses from the photo* 
multiplier tube, without the amplifier being considerably over¬ 
loaded, and therefore temporarily blocked by high level pulses. 
To meet this difficulty, one can design an amplifier of large dy¬ 
namic range that is essentially overload-proof, no matter how ^eat 
(within reason) the input signal. An alternative procedure is to 
limit the maximum pulse amplitude in the circuit between the 
photo-multiplier tube and the input stage of the amplifier (or 
preamplifier), thus permitting the use of a conventional pulse 
amplifier. Offhand one would surmise that existing non-linear 
circtut elements, such as the iN34 crystal diode, do not have a 
sufficiently sharp bend in their voltage-current characteristic 
curve to make this method of limiting feasible at a level of per¬ 
haps 0.1 V. It is the purpose of this note to describe a simple circuit 
employing three crystid diodes that has proved to be very effec¬ 
tive in limiting pul^ amplitudes in the 0.1-v range. It is possible 
that the circuit may have other uses where a non-linear transfer 
characteristic is needed, having a sharp bend taking place In a 
few hundredths of a volt. 

Hie basic limiting circuit is given in Fig. 1, where it is shown 
connected between a 931-A tube and a cathode-follower stage 
which serves as a preamptifler. With the supply voltage and re- 
mtance values given in the diagram, a steady current of about OA 
ma flows at p<^t B into the voltage-divider network consisting 
the three diodes and the resistors Ru Rtt and 
Point A Uien has a potential with respect to ground of about 0 J v 
positive, and diode A is virtually non-conducting. If now a pulse 
of negative current is im|neased on the network, as the result of a 



stream of electrons arriving at the anode of the photo-multiplier 
tube, point A drops in potential in proportion to this current until 
it re^es ground potential. Diode Di (and inddently A) is then 
cut off, and diode A prevents point A from going negative to any 
great extent with a further increase of photo-multiplier current. 
Without A the signal would not be limited, because of the finite, 
though high back resistance of />i, and because of a possible 
capacitive feed-through of the signal. 

Static curves relating the potential Va of point A to the net 
current Ib entering at point B are given in Fig. 2 for two values of 
the resistances These resistances are chosen equal to 

make the voltage-divider action of the circuit independent of 
voltage, except insofar as the diodes Di and Dt differ in their 
characteristics. When Rii^Ri) has a low value, such as 1900 
ohms, considerable curvature of the characteristic curve exists 
due to the increasing input resistance of the network as the input 
current is decreased. Part of the curvature may be due to dis¬ 
similarities in the diodes. The curvature is considerably reduced by 
increasing the series resistances to 5000 ohms, in fact, for the 
diodes used here, the curvature becomes almost negligible. The 
sharp bend in the curve occurs within 0.02 v. 

The three diodes used for obtaining Fig. 2 were picked at ran¬ 
dom. The diode having the highest back resistance, as measured 
with an ordinary ohmmeter, was used for Z>i, and the diode having 
the lowest forward resistance was used for A- Curves for other 
sets of diodes resemble the present curves, but differ in the degree 
of curvature and in the slope of the curve for negative currents. 

The circuit values indicated in Fig. 1 have been chosen to give a 
speed of response that is suitable for use with an amplifier having 
a rise time of 1 or 0.2 Stray circuit capacitance should be kept 
at a minimum, particularly in the case of the lead from point A 
to the grid of the cathode follower. The magnitude of all the re¬ 
sistances in the limiter network can be reduced by as much as a 



Fio. 2. Sutk curvfss thowtna the performance of the Umlter circuit for two 
values of the mstatances In series with the diodes Oi and Dt. 
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{ftctor of ten for greater speed, at the cost of decreasing the mag¬ 
nitude of the pulses. 

The shape of the output pulses from the cathode ^follower de¬ 
pends on renstances and stray capacitances of the limiter circuit, 
provided the light flash from the phosphor is very short, as with 
anthracene and other organic phosphors. If the light decays with 
a time constant longer than about 0.1 ms^c., as with the' Nal(Tl) 
phosphor (which hu a 0.25-Meec. decay constant) the trailing 
edge of the pulse then follows the decaying photo-multiplier cur¬ 
rent, provided limiting action is not taking place. Since pulse 
forming occurs at the input of the amplifier, the customary short 
time constant used lor **clipping’’ pulses from an ionisation cham¬ 
ber idvould not be used in the amplifier, otherwise 'Mouble differen¬ 
tiation'* will result, with an attendant undershoot following each 
pulse. 

The amplitude at which pulse-height limitation sets in can be 
controlled over a range of ten or more by varying the d.c. bias 
current through the network, i.e., by varying the resistance Ri 
in Fig. 1. It is perhaps just as satisfactory to choose a suitable 
maximum amplitude, such as 0.2 v, and control the gain of the 
photo-multiplier tube by adjusting the high voltage supplied to 
the photo-multiplier bleeder resistors. The circuit described can 
be readily modi&d for use with a high voltage power supply hav¬ 
ing the positive side grounded. In this case the d.c. bias current 
for the crystal diodes can be obtained by connecting the resistor 
Ri to the last dynode, instead of to the plate supply for the cathode 
follower. 

The circuit described has been tested using a Nal(Tl) phosphor 
kindly supplied by Dr. K. Hofstadter. Pulses were examined with 
an oscilloscope having a fast triggered sweep and a delay line in 
the signal lead.Tt was found .that the static curves of Fig, 2 ade- 
qtiately describe the limiting action of the circuit. 

The author is indebted to the Research Corporation of New 
York for financial assistance. 

* For a recent review of sdntillation counters see J. W. Coltman. Proc. 
I. R. E.37. 67l-<i82 {XW). 


A Portable Roentgenmeter for Field Use 

C. C. Lauritskn 

Ketiogg Radiation Laboratory, California Institute of Technology, 
Pasadena, California 
October 21, 1949 

A PORTABLE roentgenmeter similar in size and shape to a 
fountain pen was first described at the December meeting of 
the Physical Society in 1932,* Such instruments are now in quite 
general use where personnel may be exposed to radiation hazards 
under normal wor^ng conditions and they have proved satisfac¬ 
tory for determining the integrated dose reedved .during the day. 
The fact that batteries or some kind of charging device is requir^ 
is usually not a disadvantage and may in fact be an advantage in 
routine operations where it is desired to keep a daily log for each 
worker. 

However, in cases where extreme hazards may be encountered, 
particularly under field conditions, such accessories may not be 



avadlable and would be inconvenient. For this reason we have de¬ 
veloped an instrument which combines the usual elements with a 
frictional charging device. This instrument is shown schematically 
in Fig. 1 and the charging device and electroscope are shown in 
detail in the same figure. 

When the small sleeve, X, is rotated counterclockwise the fric¬ 
tion pad, B, rubs against the inside of a polystyrene ring, C> and 
the collector spring, Z>, moves over to make contact with the 
electroscope support wire, £, thus charging the electroscope, P, 
A slight rotation in the opposite direction disconnects the collector 
spring from the electroscope and connects it to “ground." ^*0” 
ring seals effectively exclude moisture from the instrument. 

As before, the instrument is so derigned that full scale deflec¬ 
tion represents one-tenth of a roentgen which was acc^ted as the 
maximum permissible daily dose. However, under conditions of 
e^ctreme exposure one is not concerned with the permissible dose 
but with dangerous or even lethal doses and the electroscope must 
be observed and recharged at frequent intervals. For example, if 
the electroscope discharges in one minute a dangerous dose will be 
received in a few hours and a lethal dose in a few days. The 
possibility of recharging the instrument at will is a clear advan¬ 
tage in evaluating such hazards. 

* C. C. LaurlUen. Phya. Rev. 43. 212 (19.13). 


Statistics of Coontiag Rate Meters 

Rqnacd E. Burgess 

Department of ScitfUiAc and Industri<U Research, Radio Research Station, 
Ditton Parks, Slough, Bucks, England 
October 10, 1949 


T he indication of a counting rate meter exhibits statistical 
fluctuations due to the random arrival of the particles or 
events being counted. These fluctuations determine the standard 
deviation of a ringle reading and set a limit to the accuracy of the 
instrument. They may be reduced by the process of smoothing 
which can, for example, be effected by taking the mean of a num¬ 
ber of uniformly spaced readings or by averaging the reading con¬ 
tinuously over a length of time. 

An analysis was given in 1936 in Sections 2-4 of the paper by 
Schiff and Evans* of the reduction of fluctuations by smoothing. 
Their results were in error due to an incorrect method of analysis 
and, since they are still accepted,* it seems desirable to give the 
correct expressions. 

The general formula for the mean square fluctuation in the 
average of n values {xu xr • •«„) of a random variable is 





J 


»*tfi*-|-2<fi* 


R-l T 

1W»l J 


( 1 ) 


where erj is the standard deviation of a single reading and r*, is the 
correlation coeffident between readings spaced apart. 

If now the n readings arc spaced at uniform intervals of time s, 
and since the correlation coeffident is determined, the exponential 
decay characteristic of the RC dreuit 


fm- exp(- m/RQ - r i-, (2) 

where n is the correlation coeffldent cxp(-5/RC) between ad¬ 
jacent readings. 

The standard deviation of the average of the » readings is then 
given by 

Hiis ratio hes between the value 1/wl for zero oorreLatLoin 
unity for complete comdation as expected. 
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In the case of continuous observation over a time T, the sum* 
mation in Eq. (1) is replaced by an integral and the vari^ce of the 
average over T becomes 

2ffi* nT 

(4) 

For the counting rate meter r(/) •• exp(— t/RQ whence 

<rr f2RCr RC.RC / TV])* ... 

i L. I. Schl0 and R. D. Evans, Rev. Sci. Inst. 7. 456 (1936). 

* Kip, Bosquet, Evans, and Tuttle, Rev, Sci. Inst. 17. 323 (1946). 


Rapid Response Radiation Alarm* 

R. L. MACKtlN AND E. R. ROHRRa 
Carbide and Carbon Chemicals Corporation, K-2S Laboratories, 

Oak Ridif, Tennessee 
August 29, 1949 

C ERTAIN alarm and safety control devices for radiation- 
producing equipment impose rather unusual requirements on 
the radiation-detecting instruments used to activate or trip them. 



The instrument described here was designed to meet the following 
requirements. 

(1) Activation of the alarm circuit within 0.5 sec. after the 
radiation intensity reaches a predetermined level. 

(2) Assurance of operation even though much higher radia¬ 
tion levels were to be reached in as little as a few microseconds, 

(3) Freedom from false alarms, i.e,, reasonable ruggedness, 
stability and freedom from pick-up. 

(4) Remote operation, if feasible. 

The usual devices employed are ionisation chambers, either 
argon-, freon-, or BFrfiUed. Pulse-operated devices are ruled out 


by the second requirement above as the amplifier tubes may be¬ 
come saturated or driven to cut-off, so that the rate meter circuit 
receives only a single pulse. Thus, a pulse-type circuit fails to 
trip if the radiation intensity rises high enough and fast enough. 

The d.c. amplifiers used with ionisation chambers have shown 
either a high pick-up sensitivity for switching transients or a 
response if transients were eliminated with a by-pass. 

Design ,—It appeared that a photo-multiplier tube might be 
satisfactory as a fast, transient Insensitive, reasonably stable d.c. 
amplifier in this service. At current drains below 100 pa fatigue 
is not significant. At operating potentials above 120 v per st^e, 
the over-all gain does not change rapidly and if desirable, spedal 
defocuung of an intermediate dynode may be used to give a neariy 
constant gain over a fairly wide range of voltages. 

A single stage of d.c. amplification was used following the 
photo-multiplier to provide a signal of proper polarity to fire the 
th 3 rratron and to reduce the effect of small changes in the thyra- 
tron-firing voltage. The signal fed to the grid of the thyratron was 
smoothed with the usual rate meter tank circuit employing a 0.05- 
sec. time constant. A crystal of anthracene is employed as the 
scintillator with an aluminum foil refiector as used by Bell.^ 
A sketch of the photo-tube mounting and battery case is shown in 
Fig. 1. This is connected to the amplifier and relay by 50 ft, of 
microphone cable. The complete circuit with power supply and 
resetting device is shown in Fig. 2. 

Performance .—Time of response tests have been made with a 
small (5 mg) radium gamma-ray source. This was held by an 
electromagnet against the pull of a long spring at a point con¬ 
siderably removed from the detector. Upon de-energi«ing the 
magnet, the source traveled rapidly to a position near the detector 
tube, llie distance to the detector tube in this final position was 
such as to make the radiation intensity either U or 3 times the 
tripping level. The intensity at the start of travel was about four 
percent of the tripping intensity. Timing contacts activated by 
the source started a clock which was stopped by the alarm circuit 
relay showing the time of response after the tripping level was 
reached. 

For the standard IJ times tripping level test, an average re¬ 
sponse time of 0.13^:0.02 sec. was found. This compares with 
over 4 sec. for the ionisation chamber circuits tested. At thrice 
tripping level, the response time was only 0.03 sec. 

The tripping intensity used in these tests was 0.3 mr/sec. for 
exposures of a second or more. Using a 1P21 photo-multiplier 
tube and a 1-mcg., O.Ol-gf gridleak, the tripping intensity was 
0.03 mr/sec. The lower dermal noise background with the 1P21 
tube gave equal stability and freedom from false alarms. A further 
increase in sensitivity could no doubt have been achieved by 
applying a fixed bias to eliminate the average background dgnal 
and using an even larger input resistor for the 6SJ7. 

The anthracene scintillator will also respond to fast neutrons, 
but the intenuty required is rather beyond that available with 
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gaiiuna*ray free neutron sources. Thus, over-all operation 
diecks are periodically made with a small gamma-ray source to 
ensure that the equipment is connected and functioning properly. 

* This document U based on work performed for the AEC by Carbide 
and Carbon Chemicals Corporation, Oak Ridge, Tennessee. 

* P. R. Ben. Phya. Rev. 73 . 1405 ( 1948 ). 


Note on Sealing Nylons Films to Geiger Counters* 

Robkkt a. Bkckek 

Physics Research Laboratory^ Universily of Illinois, Champaign, lUinois 
Auguat 22, 1949 

I T was thought useful to report a very simple and certain 
method of attaching a thin Nylon sheet as the end window of a 
Geiger counter. As is evident from Fig. 1, the seal is of the com¬ 
pression type. The bonding material is ordinary rubber cement. 
(A commercial brand of the latter called **Neetstik” was em¬ 
ployed.) The cement is diluted with several parts of benzene until 
it is sufficiently thin to be spread fairly uniformly with a small 
brush. The procedure is to apply two or three thin coats to the 
upper and lower surfaces, respectively, of the annular rings A and 
B in Fig. 1. To avoid later shrinkage, these are allowed to dry for 
about an hour. Following this, the Nylon sheet, cut oversize, is 
lightly laid on A, after which wrinkles are removed by pulling 
gently on the protruding edges. Finger pressure is then applied to 
the top surface of the Nylon to make it stick firmly to A. A heated 
piece of wire or other heated sharp instrument may be employed to 
clear the screw holes. This procedure, rather than punching with a 
cold instrument, avoids wrinkling the film. Ring B can then be 
attached in the obvious manner, with excess screw pressure being 
avoided. The pujxwse of the cement on B is to prevent cutting the 
Nylon by the ring. Surplus Nylon extending beyond the outer 
periphery of the rings can be melted off by means of the same 
heated wire. 

The entire procedure, save for the initial drying of the cement, 
requires but a few moments, and is extraordinarily easy. No 
failures with this method have been experienced by the writer. 
A further advantage of the process is that the solvent w'ill have 
evaporated from the adhesive before the sheet is applied, and 
thus does not weaken the edge of the window, With counters of 
the dimensions shown, and about 4 in. long protruding into an 
evacuated chamber, the writer has been able consistently to 
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employ 6 cm pressure in the counter (t cm alcohol and 5 cm 
argon) with i-mg/ent* Nylon windows. The counter plateaus are 
in excess of 200 v. 

When employing Nylon window counters, it is necessary to take 
into account the diffi^on of the counter gas through the Nylon. 
This effect for Nylon films has been described by others.^ In the 
author's experiments this difficulty was reduced by keeping the 
counters open to a larger ballast volume and to a reservoir con¬ 
taining abwlute alcohol nudntained at mdlUng ice temperature. 
The counter plateaus were chedeed from day to day. 

The above bonding material has been employed also to attach 
zapon films to wire frames to be used as backing material for beta- 
^ectrometer sources. 

* This work was supported by the Joint Proemm of the ONR and AEC. 

' J. A. Simpson. Jr., Rev. Set. Inst. 10, 733 ll948). This author ix>lnti^ 
out tliat water vapor may pass through the Nylon Into the counter if thr 
latter Is immersed in a medium which bears water vapor. 


Focusing in a Semicircular Magnetic 
Spectrometer 

C. M. Fowlku, R. G. Shrefflbr, and J. M. Cork 
H, hi. Randall Laborcdory of Physics^ University of Michigan, 

Ann Arbor, Afichtgan 
^August 19. 1949 

T he line shape produced by a semicircular focusing ^ec- 
trometer is currently of Interest in the field of beta-spec¬ 
troscopy. Although the boundary conditions imposed by a two- 
dimensional source and the defining slits have prohibited an exact 
solution of the three-dimensional problem, approximate solutions 
have been proposed by Wooster,* followed by Li* and by Tyler and 
Lawson.* A two-dimensional problem in which the particles are 
assumed to originate and remain in a plane perpendicular to the 
magnetic field, has been discussed m an approximate manner by 
Siegbahn.* The line shapes resulting from the two-dimensional 
treatment preserve the essential features predicted by the three- 
dimensional theories. 

The purpose of this paper is to present an exact graphic treat¬ 
ment of the general two-dimensional problem. Using the technique 
discussed below, the line shape may be quickly determined for 
various arrangements of the sample and defining slits. 

Figure 1 shows the circular trajectory of a particle projected at 



an angle 9 from a point z, on the line source. The corresponding 
quantities 4* and y define the trajectory at the image. Since mono- 
energetic particles arc considered, the trajectory radii R, are the 
same for ail particles. From Fig. 1, 

(lb) 

The Jacobiab of this transformation is 

__. ( 2 ) 

(-M‘ 

Since the particles are assumed to be ejected isotroidcally from the 
source, the Intensity of the partiditt per unit source iepf^ and 
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unit angle, is related to the corresponding intensity /(y, at the 
image by the following equation: 

Idxd»-Ij(^yd^~l{y,4>)dyd<^. (3) 

The line density T(y), is obtained by substituting (2) into (3) and 
integrating over 

V/C /Umlti 

The determination of the B limits of £q. (4), and thus the con¬ 
struction of the line shape, is shown in Fig. 2. Here both sample 



y Fic. J. Variation of line ahape with focuaing radius, 

and slit wid^ts have been exaggerated for clarity of constructipn. 
The intersections of the four circie8> all with radius R, centered at 
5-f, , d-h, and define an area which contains the centers 
of all the particle trajectory circles which can originate from the 
source and pass through the slits. To determine the intensity V(y), 
at an arldtrary point P, of the imagCi a circle of radius R is con¬ 
structed with F as center. The intersections, o and 6, of this circle 
with the periphery of the area determine the Umitittg angles fis. 
and ds. ^nce the point, o is an intersection with the circle, 
0a is measured from the positive source limit, On the other 



mm wioTH OM) 


Fm. 4. Vadatlmi of Une iSiapo with eouron width. Tralectory radius 
1.5 cm» nnitde dinklaoed 2 cm, slit width 1 cm. 
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Fic, 5. Variation of line shape with slit width. Trajectory radius 
2.5 cm, sample displaced 2 cm. sample width 2 mm. 

hand the positive slit, determines ds, which is then measured 
from the intersection, b\ of the source and a circle (radius R) with 
6 as center. Other points of the image may be obtained in the 
same manner to complete the definition of the line shape. 

In Fig. 2 the existence of five different topological zones forming 
the complete image presents no graphical difficulties. The number 
of zones depends upon the values of the various parameters: slit 
width, sample width, sample displacement, and trajectory radius. 
On the other hand the presence of a varying number of zones 
makes analytic expressions for the line shape awkward, although 
the functions are of a simple nature. 

Figures ^5 illustrate the effects of varying the parameters 
which determine the line shape. Figure 3 shows the typical line 
broadening and reduction of peak intenrity with Increasing tra¬ 
jectory radius. In Fig. 4 it can be seen that small increases in peak 
intensity, resulting from source widening, involve considerable loss 
in resolving power. Figure 5 stresses the importance of slit setting. 
As the slit width approaches the dimension of the sample, any 
appreciable increase in resolving power is gained only by a con¬ 
siderable loss in peak intensity. 

In the conventional fixed radius spectrometer (Fig. 6) the 
sample and the focal line are colinear; i.e., in the above equations 
and the Jacobian reduces to minus one. Since 
Eq. (4) becomes: F(y)^/i>(^b—^), where the points a and b de¬ 
termine ^ and ne construction is simplified, since both angles 
arc measured from P. By judidous choice of the spectrometer 



Fig. 6. 


parameters, the line shape can be represented by only two zones 
(Fig. 6). For thk special case, analytic expressions for the line 
shaj^ may be advantageous. 

This project was Jointly supported by the AEC and the ONR. 

»W. A. Wooster. Prog. Ray. Soc. AlU. 729 (1927). 

* K, T. JLi, Proc. Camb. Phil. Soc. 53. 164 0937). 

Tyler and J. Uwioti, Thesis. Univ. of Michigan (1939). 

«!£. Sfegbihn, ArUv. U Mat.. Ostr.. och Pysik. 30 (1944). 
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Ultraviolet 

Microscope 


Designed primarily for cancer 
research, an ultraviolet microscope 
for observing living, unstained 
body tissues is now in production. 

The instrument’s revolutionary objectives not only provide 
increased resolving power, but make it posribic to photograph as 
well as view for the first time freshly prepared sections of live 
tissues and tissue cultures through three different ultraviolet 
wave-lengths. The photographs may also be projected or repro¬ 
duced on color film through three visual color filters that provide 
densities, contrast and structural detail never before attained. 

Developed during the past two years by Bausch & Lomb, and 
Polaroid Corporation, the microscope’s objectives are of a reflect¬ 
ing type, and therefore, corrected chromatically throughout the 
entire ultraviolet and visible spectrum. Focusing can be done in 
visible light and photographs taken with other regions of the 
spectrum without disturbing the focal setting. 

By uring a band of wave-lengths, intensity of illumination in 
the image is high, allowing shorter photographic exposure than is 
required in a monochromatic objective system. 

All of the elements, mirrors, and lenses have simple spherical 
surfaces, extremely precise, but relatively easy to produce by 
advanced grinding and polishing methods. 

The microscope is particularly useful in the field of biochemistry 
for direct photographic recording of biological tissues, for micro¬ 
photometric determination of biochemicals by photoelectric 
means, or for photo-dcnsitomctry.— Bausch & Lomb Optical 
COMPAKY, 63S St, Paid Street^ Rochester 2j Neiv York. 


Frequexicy Standard A new frequency standard, em¬ 
ploying a 100-kc crystal, has been 
announced by the Bliley Electric Company. 

The equipment features a 24-hr. frequency stability of two 
parts in ten million, when subjected to line voltage fluctuation of 
as much as ten percent. Under adverse conditions of temperature 
humidity and senuportable operation, the instrument will main¬ 
tain an accuracy of two parts in one million for a day period with¬ 
out resetting. 

The frequency source employed is a Bliley GT cut quartz 
crystal unit temperature stabDized to within 0.1®C in a i^ecially 
designed oven employing a mercury thermostat and external relay. 

Long service life is assured by careful design and component 
selection. Long life tubes have been utilized in the crystal oscil¬ 
lator and automatic gain control circuits. Due to operation of the 
crystals at series resonance, and automatic gain control, the fre¬ 




quency is practically independent of line voltage and dreuit com¬ 
ponent variations. Une voltage fluctuation of =b20 percent causes 
a frequency change of less than one part per million. 

Terminals are provided for sine wave or harmonic output at 
both high impedance and low impedance. Power supply is self- 
contained and the equipment is designed lor rack or cabinet 
mounting. 

Univernties, technical schools, military and commerdal re¬ 
search laboratories, geophysical laboratories, and similar organiza¬ 
tions will find the Bliley lOO-kc frequency standard an indis¬ 
pensable instrument for frequency control and measurement. 
Inquiries are invited. Complete technical literature is available. 
—JOHK Hakder Fenstermacher, Cony, Pennsytwnia. 

Bridge and Amplifier The BA-l is a complete package 

of bridge elements, signal chopper, 
calibration system, amplifier, and power supply, designed for 
complete control of all SR-4 wire strain gauges and similar in¬ 
strumentation. 



It drives any standard cathode-ray osdlloscope, and covers 
wide frequency range from static to high frequency. Calibrates 
at any time during test. High usable sensitivity and stability. 
Simple set-up and operation. Other resistive instrumentation in 
the form of displacement* load, pressure etc., pick-ups are handled 
effectively. . 

A unique feature of the BA-1 is the signal chopper which indi¬ 
cates the static unbalance of the bridge by intermittently aborting 
the bridge output. Static and very low frequency components of 
the signal are s^wn with the dgnal diopper on. High frequencies 
are observed with the chopper off. Chopper does not cali¬ 
bration 
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Calibration is dmple and fundamental by using the chopper to 
intermittently connect a calibration resistor across the active 
gauge. Built-in precision resistors cover the range of gauges 
and signal amplitudes normally used. Binding posts provide for an 
exterruU calil^tion resistor. Calibration is checked readily at 
any dme. 

The amplifier faithfully reproduces the full range of frequencies 
likely to be encountered in practical engineering problems. Ample 
gain is provided to operate any standard cathode-ray oscilloscope 
at maximum usable sensitivity. Noise level is kept at a minimum 
by battery power, shock mounting, and selection of components. 

Photographic records of transients, steady-state and static 
signals of short duration are easily made on a still camera. Dy¬ 
namic signals of longer duration than the sweep period of the 
oscilloscope are recorded with a moving film camera. 

SpecificaUons .—Bridge input—50 to 2000 ohm resistive ele¬ 
ments. Signal chopper frequency—100 c.p.s. Amplifier input— 
2 meg. Output-high impedance. Stages—3. Voltage gain— 
0, 10, 150, 3000. Frequency response—flat 5 to 20,000 c.p.8. 
Phase shift—negligible. Calibration—ten resistors, 10,000 to 
10,000,000 ohms, one percent error. External resistor connec¬ 
tion, Power supply—batteries, life 150 hr. Dimensions— 
12iX9JX7i in. Weight—22 lb. Price of the BA-1 is only 
$350.00 f.o.b. factory. Ellis Asscx:iates, Box 77, Pelham 65^ 
New York. 

MicrO^SpeCtrOSCOpy A simple and convenient attach¬ 
ment for converting a standard 
infra-red spectrometer into a micro-spectrometer was described 
by Dr. £. R. Blout, associate director of research of Polaroid 
Corporation, at the annual meeting of the Optical Society of 
America. 

With the device, scientists are able to make infra-red spectro¬ 
graphs or “fingerprints'* of specimens only one-hundredth the 
weight of those required for analysis in standard instruments, 
particles so small that a single pound of material would be enough 
for 20 million samples. The attachment makes it possible to iden¬ 
tify minute particles such as single hormone crystals and single 
fibers far loo small to be examined with standard infra-red instru¬ 



ments. It is also expected to find use in the many situations in 
chemical and medical research in which only a few micrograms of 
material are available for study. 

The device was developed by Blout, G, R. Bird, and D. S. 
Grey of the Polaroid laboratories. They reported that the device 
is made possible by the use of reflective apochromatic microscope 
objectives designed by Grey. This lens focuses a magnified ima^ 
of the object to be studied on the slit of a standard infra-r^ 
spectrometer. The complete attachment consists of the mirror- 
type lens together with auxiliary mirrors and a special stage for 
holding the specimens. 

A somewhat similar technique was described earlier in the year 
by three British scientists (Barer, Cole, and Thompson). The 
British device made use of non-spherical mirrors in the microscope 
lens wluch were described as extremely difficult to manufacture. 
The new Grcy-dcaigned lens uses only sperica! surfaces, relatively 
easy to produce by ordinary grinding and polishing methods. It is 
manufactured by Bausch 9c I^mb Optical Company in Rochester, 
New York.— Polaroid Corporation, Cambridge 39^ Massa- 
ckuseUs, 

PhaSd Monitor The Clarke Model 109 high pre- 

dsion phase monitor for measuring 
phase relations at radiofrequencies has an absolute accuracy of 
and resolution and repeatability of ri=0.i**. Phase is read 
directly from two dials calibrated in 0.1® increments. "Operator 
error*’ is eliminated since the answer obtained is not dependent 
upon the skill of the operator in making preliminary adjustments. 
The instrument continuously and automatically indicates the 
phase difference and requires no manipulation on the part of the 
operator. Provision is made to indicate antenna current in the 
various towers of a directional array, as well as to indicate the 
phase relations. 



The Model 109 phase monitor requires 2H in. of panel apace and 
is suppKed with finishes to match those used by the various manti* 
facturers of transmitting and assodated equipment-^LAtu 
IjcsTitOMaMT ConromanoK, 910 Kktg SUm SpHn* Mary- 
kmd. 
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iOACtnmic Voltage a precision voltage regulator 

QnxuAv called the Electronic Standard 

Cell has been dev«l(^)ad for Instru* 
mentation requiring accurate, highly stable d.c. voltage. 

lids electronic cell is available for any fq>ecihed d.c. output 
voltage from 0 to 100 and for any load up to 30 ma. Output voltage 
it constant to better than O.l percent and with ripple lest than 
OiiOl percent, throughout an input range of 7S to 135 volts ax. 
at frequencies from 50 to 400 c.p.s. 

Precise output voltages such as 0.10, 1.00, or 100.00 volts dx., 
or the usual standard cell voltage of 1.018 can be supplied. 



Simple electronic voltage regulators similar to the VR-150, 
VR*105, OA2, and OB2 are often used in electronic circuits, but in 
genera] are not accurate enough for reference voltages or instru¬ 
mentation. However, by combining these regulators, that is, 
supply regulated voltage into a second regulator, the resulting 
voltage is extremely constant and independent of the supply voltage. 

In the electronic standard cell, rectified voltage is initially 
filtered by an electrolytic capacitor and supplied to an OA2 
regulator tube. The regulated output of this tube is then fed to an 
OB2 regulator. The output of this final regulator is extremely con¬ 
stant and is fed to the load through a variable dropping resistor to 
the binding posts. This dropping resistor allows any output to be 
obtained from 0 to 100 volts. 

The electronic standard cell Is designed for use with self- 
balancing potentiometers, recording oscillographs, resistance 
thermometers, wire strdn gauges, position potentiometers, and 
many other industrial and laboratory instruments that require 
highly stable voltages for maximum dependability. It is well de¬ 
signed for use as an individual instrument and is sufficiently 
small and rugged to be used as a built-in component for larger 
inBtruments.--HASTiHOS Instrument Company, Inc., RampUm, 
Virginia. 

JT — y Recorder A new Specdomax recorder now 

automatic^ly plots the relation- 
slup between two variables, showing one as a function of the other. 
Tedious compilation and manual plotting by experienced per¬ 
sonnel are eliminated. Instead, the variables to be plotted are 
converted d.c. rignals, and connected to the instrument, one to 
the horixontal axis and the other to the vertical axis. The result 
is a permanent record, accuratdy plotting in minutes data that 
would require hours uring the usual point by point method. 

As compared to the usual recorder, which only one measur¬ 
ing circuit and a constant speed non-reversing chart paper drive 
and uduch plots a variable as a function of time, this new recorder 
has two measuring dreuito. Pen travel (X axis) is contrdled by 
our wdl-known Speedcmuuc G electronic circuit A umilar dreuit 
controls the chart paper drive (K ads) and makes It reversible. 
Thus, the new recorder makes It possible automatically to draw 



curves such as a hysteresis loop, temi>erature-itf.-temperature 
difference, stress-w.-strain or other two variable curves. 

Response of the instrument is amply fast. The pen takes only 
3 sec. for full scale travel of 91 in. Full chart travel is 10 in. and 
requires 4 sec. Standard minimum input voltage for full travel 
of the X coordinate is 2.5 mv, while the Y coordinate requires a 
minimum of 10 mv, for full travel. 

For further information, write,—L eeds & Northrui* Com¬ 
pany, 4934 Stenton Avenue^ Philadelphia 44, Penm^mnia. 

Wave Generator A complex wave generator is 

now available, made by Alfred W. 
Barber Laboratories, under exclusive Patent License by Centre 
Research Laboratory. This device will generate any wave form 
which may be represented by a fundamental and second, third, 
fourth, and fifth harmonics in any percentage and any relative 
phase. 

The frequency of the fundamental may be varied from SO to 
3000 cycles. The amplitude of any harmonic may be varied from 
aero to 100 percent of the fundamental. The phase of any harmonic 
may be varied through 360 degrees. The fundamental and all 
harmonics are derived from the same two beating oscillators so 
that no synchronising problem exists. Phase shifting is done at a 
single frequency by means of rimplc, substantially linear phase 
shifting circuits. The output is one vdt into 500 ohms at funda¬ 
mental or any harmonic. 

The complex wave generator is a new electronic generator with 
many important applications. It has proved Itself In the rapid 



solution of many problems vrldcb hitberto were attaebbd hi a 
very laborious manner* Its avallabiUty prondies (nteltiittbsg 
and useful sppllcathms in tiui fatitte*'^Axxnxib W* BkiUnim 
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Platinum Rmtittance 
Ttiermometer 


The platinum resistance iher- 
mometer units of conventioniU 
design are useful only to 500°C or 
thereabouts. At higher temperatures glass and mica become con¬ 
ductive and both materials lose their mechanical strength. 

Platinum reaistance thermometers are now manufactured which 
are entirely embedded in pure alumina and fired at a high tem¬ 
perature. 

Alumina does not contaminate platinum as quartz does. It is 
still an excellent insulator at 1400^0. Its softening point is near 
2000*^C. 


The units are 4 In. over-all length, 0.259 in. diameter, and pro¬ 
vided with platinum lead stubs. Standard resistances are 25.5 
and fiO ohms. 

The units have no unsupported windings at any point. They 
are, therefore, very sturdy. In a conventional protection tube, 
they are eipected to retain their accuracy for long periods.— 
Paul G. Weillek, 95 Broad Sirtet^ Nm York 4, New York. 


Manufacturers’ Literature 

Uttrasoiiie Reflectoscope—Bulletin 50-105 describes the 
Type UR reflectoacofH*, au ultrasonic instrument for instan¬ 
taneously locating defects in metals and other materials by 
the application of a single “searching unit,**— Sperry Prod¬ 
ucts. Inc., Danbury^ Connecticut. 

Current Bata on High Vacuum Apparatus—Vol. 1, No. 2, 

8 pages, contains a summary and 5-pagc article on “Produc¬ 
tion of low pressures*’ with graphical presentation of per¬ 
formance data on DPI pumps.— Distillation Products, 
Inc., Vacuum Equipment Division. Rochester 13, New York. 

Announcer—No. 49 10 36, 16 pages, features an article on 
the brief history and modern trends in the analysis of gases. 
Included also are descriptions of three models of Burrell gas 
analyzers; the Speedigram, a new adaptation of a highly 
sensitive, accurate analytical balance; a microscope illumina¬ 
tor; and stainless steel automatic pipette washer.— Burrell 
Corporation, J942 Fifth Avenue, Pittsburgh J9, Pennsylvania. 

Optical Pyrometer (Potentiometer Type)—Catalog N-33D, 
illustrated, 16 pages, describes two special lens assemblies 
which are being increasingly used with the standard L & N 
optical pyrometer for measuring molten steel temperatures, 
or in the laboratory to make specialized temperature measure¬ 
ments.— Leeds & Northrup Company. 4934 Stenton Avenue, 
Philadelphia 44, Pennsylvania. 

Combustibles Recorder—Bulletin 150-A, 16-p^, illustrated, 
“Bailey combustibles recorder/* features design improvements 
and new applications for this electronic equipment, which 
operates on the catalytic combustion principle and which 
provides either air or electrically-operated control of com¬ 
bustibles content. Typical applications to boiler furnaces, 
atmosphere producers, rotary kilns, industrial furnaces, and 
chemiM processes are illustrated,— Baxley Meter Company, 
i0S0 Ivanhoe Road, Qmhisd JO, Ohia. 

1!raieeiiar--Octob^ 1949 issue featum an artide on the 
beta-gamma-survey xneter, a versatile new meter which 
is pormble, batteryH3|Mmat^^ and weatherproof, and which 
will serve the dupl purpose of a tadiation dosage rate meter 
and a monitoring instrument, A single sheet insert lists Tracer- 
lab products and eervioes etc.—iSucsatAB, ISO Higfs Street, 
Sasfsa JO, Jfasioekums. 


Cenco News Chats —No. 65, 25 pages, presents an artide 
on the organization of the National Sdence Teachers Associa¬ 
tion, a biographical sketch of Louis Agassiz, and descriptions 
of various items of laboratory equipment.— Central ^ibn- 
tific Company, J700 Irving Park R^, Chicago 13, Illinois. 

Strain Gauges —New 12-page catalog describes Baldwin 
SR-4 bonded resistance wire strain gauges, illustrated by line 
drawings distinguishing 11 types of gauges and listing 102 
standard gauges. The gauges are classified by types of wire 
and cementing materials to be used. A single table gives elec¬ 
trical resistances, gauge factors, dimensions, and prices.— The 
Baldwin Locomotive Works, Testing Equipment De¬ 
partment, Philadelphia 42, Penns^vania. 

Refractometer —News release on Precision-Dow Robomatlc 
refractometer describes this instrument, which controls the 
flow of industrial process streams by refractive index in¬ 
stantaneously and continuously, and graphically records the 
results 24 hours a day.— Precision Suentific Company 
3737 West Cortland Street, Chicago 47, Illinois, 

Radiation«Detection Densitometer —Bulletin No. 270 de¬ 
scribes the Model 500-R Photovolt radiation-detection den¬ 
sitometer, a photoelectric instrument for the exact measure¬ 
ment of density of x-ray film employed in personnel moni¬ 
toring for protection against radiation in nuclear, radioactive 
isotope, and x-ray work. Information on operation, applica¬ 
tions, and price are included.— Photovolt Corporation. 95 
Madison Avenue, New York 16, New York. 

Experimenter —September, 1949 issue features description 
of a new, general purpose, A-M, standard-signal generator, 
Type 1001-A, complete with photographs, sketches, and 
schematic diagrams and specifications. October, 1949 issue 
features a description of the Type 1701-AK Variac speed 
control, complete with photographs, curves, and schematic 
diagrams.— General Radio Company, 275 Massachusetts 
Avenue, Cambridge 39, Massachusetts. 

Automatic Circular Dividing Machine— Bulletin 182-49 
describes and illustrates a fully automatic machine for pro¬ 
duction ruling of precision circular scales according to any 
standard pattern of lines having industrial or scientific ap¬ 
plication.— The Gaertnbr Scientific Corporation, 1201 
Wrightwood Avenue, Chicago 14, Illinois. 

Electru-Chemograph —Folder EM9-90(1), “An advanced 
eiectnxhemograph Type E," describes and illustrates an all 
a.c., or battery-operat^, electro-chemograph, which includes, 
in one compact cabinet, a Speedomax Type G microampere 
recorder, a polarizer, and a power supply unit. Illustrations 
show the centralized control panel, typical recordings, and 
L A: N dropi^g-mercury electrode assembly.—L eexxs 
Northrup Company, 4908 Stenton Aven%ie, Philadelphia 44, 
Pennsylvania. 

Tedmiqua—Vol. 3. No, 4, Muirhead journal of instrument 
engineering, features articles on industrial instruments, im¬ 
proving the pH meter Type D-303, the rapid processing of 
photographic materials, and the miniature standard cell. 
Type I>-550-A.— Muirhead and Company, Limited, Becken¬ 
ham, Kent, England, 

Vaomim Coatere —12-page booklet, **Vaporized metal- 
coatings by high vacuum,** fully illustrated, describes DPI's 
entire line of vacuum ebsunbers and vacuum coating equtp- 
ment*-Dt8TiLLATioK Products, Inc., 755 Eddge Road West, 
Rochester IJt New York, 
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Ductilo Cast Iron The incorporation of a small 

amount of magnesium into cast 
iron produces a new graphite structure in the form of spheroids 
or compacted particles and eliminates a substantial amount of 
the flake graphite which weakens castings. The magnesium* 
treated cast iron combines the processing advantages of cast iron, 
such as fluidity, castability, and machinabtUty, with many of the 
product advantages of steel—high tensile strength, elastic modu* 
lus, yield strength, toughness, and ductility. It l^haves elastically 
like steel rather than cast iron under stress, with a modulus of 
about 25X10* p.s.i. This material is being produced by licensees 
under U.S. Patents No. 2,485,760 and No. 2,485,761.— Intek- 
NATiONAL NK:K£t COMPANY, 67 Wall Strt^, New York 5, New 
York, 

Magnet Materials Alnico 5 ZX? (a modification of 

Alnico 5) has its crystal structure 
oriented in the direction of magnetisation. It b stated to have the 
highest residual induction of any known permanent magnet 
materia] and permits the use of smaller magnets in applications. 

Alnico 7 is designed for applications where a high demagnetiaa* 
tion force is present, such as motors, generators, and variable gap 
devices. It has k higher coercive force than any other grade of 
Alnico.— General Electric Company, Schenectady^ New York. 

Synthetic Wax Ceramidf a synthetic wax now 

in commercial production, is an 
alkyl stearamide. It is hard, light yellow in color, and melts be* 
tween 79,5 and 80.5®C. It is insoluble in water but more soluble in 
organic solvents than other commercial waxes, natural or syn* 
thetic. It is slower burning and higher melting than paraffin wax, 
and is compatible with asphalt, camauba wax, cumarone resins, 
ethyl cellulose, microcrystalline wax, paraffin wax, and Acrawax C. 

Its use is indicated in protective coatings and films deposited 
out of solution. It may be used as an antitack agent for resin 
organisols and as a mold lubricant for rubber and plastics. In 
most lacquers and enamels it dissolves clearly and serves as a gloss* 
reducing agent. It can be used for waterproofing textiles, paper, 
and leather, and may be blended with other waxes and hydro* 
carbons in polishes, insulating compounds etc. Samples and 
further data may be obtained from the manufacturer.— Glyco 
Products Company, 26 Court Street, Brooklyn 2, New York. 

Insulating Film Scotck-Weld No. 70 electrical 

insulating film is designed for use 
in coil construction. It Is appUed like tape and then heat-treated 
1-2 hr, at 20fl-300®F, bonding itself into a unified layer of insula¬ 
tion, The cured film ha^ high dielectric strength and is resistant 
to heat, moisture, oil, and most solvents. It is available In 60*yd. 
rolls, in widths up to 42 in., and in 2, 4, 6, and 8 mil thibknesses 
A manufacturer's bulleting is available on this product.— Minnk* 
SOTA Mining and Makofacturino Company, 900 Bauquier 
Avenue, St. Paul, Mmnesida. 

Photographic Hypo A new add fixer wUh hardener, 

. , combining fixer and hardener in a 

single powder, is stated to have better keeping qualiries and to be 
faster and easier to mix than the usual hypo, at no additional cost. 
It mcorporates anhydrous sodium tlfiosulfate and is marketed in 
hermetically sealed cans. Being anhydrous, it does not cake or 
harden in storage during warm weather. Also it gives ofl heat dur* 
ing solution so that the hypo becomes slightly wanner instead of 


colder during the mudng.—A nsoo Corpoeatiok, Binzhamton, 
New York. 

Firoproofing Comont A fireproofing cement for the 

protection of beams and other 
structural steel parts has been developed by the Eagle-Picher Com¬ 
pany and rated by the Underwriters* Laboratories. The cement Is 
produced as a powder which is mixed with water to form a stiff 
paste and then troweled onto a ribbed metal lath wrapped around 
the steelwork to be protected, without the use of forms. When 
applied in a layer 1} in. thick, it will afford fire protection for 
3 hr., according to the manufacturer. It is much lighter than most 
other materials used for this type of fireproofing, and its cost is 
estimated to be one*fourth less than the methods commonly used. 
An added advantage is its ability to withstand spalling and 
crumbling. Its chief application is expected to he in chemical 
plants, refineries, and other industrial installations where ex¬ 
posed steelwork is part of the structure. A descriptive bulletin 
together with copies of the Underwriters* report are available from 
the manufacturer.— Eagle-Picher Company, Cincinnati I, Ohio. 

Mdtal ClBRnerS Surprep is designed for cleaning 

aluminum, steel, and zinc surfaces 
prior to organic finishing^ It contains oil-displacing components 
that quickly dislodge oil, grease, and other organic material from 
metal surfaces. It also contains phosphating and other rust-re¬ 
moval chemicals that dissolve rust, oxide, and scale while the 
oil-removal agents are acting. It is applied by brushing or wiping, 
allowed to stand a few minutes and then wiped or rinsed off. 
The surface is given a Light etch and a light phosphate film is 
deposited giving a good *^tooth*' for paint or organic finishes and 
resulting in greatly increased bond strength. No toxic vapors are 
evolved in use. 

^tHC cleaner 20 is an anodic type of cleaner for preparing rinc- 
base die castings for electroplating. It does not contain silicates, 
surface-active materials, or other products which will react with 
zinc to form insoluble residues. It is a mild cleaner with very high 
detergent action. 

Aluminum cleaner £ is an etching type alkaline cleaner. It is 
used to produce a fine etched surface finish on aluminum as well 
as to prepare it for painting and electroplating. 

Aluminum cleaner NE is a non-etching type of cleaner to de¬ 
grease aluminum prior to organic finishing or electroplating. It 
does not react with highly polished aluminum. 

Cleaner 100 is an alkaline, anodic electrocleaner for steel. It is 
designed for rapid cleaning action at low current densities, works 
well either anodically or cathodically, and can also be used effec¬ 
tively as a soak cleaner. 

Brass cleaner is an alkali detergent for degreasing brass, copper, 
nickel-silver, lead, tin, and steel without attack. It can be used 
either as a soak or an electrolytic cleaner. 

Manufacturer's literature is available on all of these products.— 
Enthone, Inc., 442 Elm Street, New Haven, Connecticul, 

Glass for Lighting FotadUe, derigned for applica- 

Fixtures louver lighting, is made 

from Coming's photo-senritive 
glass. It is manufactured as a thin pane of transparent glass, in 
whi^ white opalescent vanes in a symmetrical criss-cross pattern 
are incorporated throughout its depth by a photographic process. 
When used in a lighting fixture, this matei^ allows direct light 
to pass through normal to the surface but blocks direct light at 
large angles to the nomial. The translucence of the louvers, bow- 
e^r, creates a diffusion of indirect light at side angles. Glare is 
eliminated in a result of the 45* light cut-off possessed by the 
material. The glass may be cut to size, fitting Into idmost any 
standard fixture calling for glass panels. Physiilly, the materi^ 
is not affected by temperature changes atid has no “sag” or odd 
flow. The louvers are a part of the glass and cannot lose their 
efficiency over an extended period. Also, they are not odor- 
•riective.'-CoRNXNo Glass Wosxs, Condni, New York. 
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Westcott, C. H. (see Taylor, Denis)—450 
Williams, Frederick C. (see Chance. Britton, Vernon 
Hughes, Edward F. MacNichol, and David Syre)—451 
Yagoda, Herman, Radioactive measurements with nuclear 
emulsions—689 

Zworykin, V. K. and E. G. Ramberg, Photoelectricity and 
its application—690 

Bridge Circuits 

Amplitude bridge for detection of nuclear resonance, H, A. 

Thomas and R. D. Huntoon—516 
Differential pulse transformer bridge circuit, J. A. Gled- 
hill and A. Patterson, Jr.—^960 (L) 

Maxwell bridge at low frequencies, Vinton A. Brown and 
B. P. Ramsay—236 

Wide range capacitance*conductance bridge, Robert H. 
Cole and Paul M. Gross, Jr.—^252 

Calorimetry 

Circuits for minimizing transient effects on energy meas¬ 
urement in calorimetry, Harold J. Hoge—59 
Direct calorimetry by means of the gradient principle, T. H. 
Benzinger and C. Kitzinger—849 

Centrifuge 

Device for the measurement of rotor temperatures in the 
air-driven ultracentrifuge, P. G. Ecker, Josef Blum, 
and C. W. Hiatt-795 

Cloud Chambers 

Apparatus for cloud-chamber investigations with free bal¬ 
loons, E. J. Lofgren, E. P. Ncy, and F. Oppenhetmer—48 
Qoud-chamber equipment for study of infrequent cosmic- 
ray processes, W. Y. Chang and J. R. Winckler—276 
Cloud chamber of light weight for balloon flights, R. P. 

Shutt, A. L. Johnson, and A. M. Thorndike—398 
Counter controllable high pressure cloud chamber, G. E. 
Valley and J. A. Vitale-411 

Fast recycling cloud chamber and pulsed magnetic field 
equipment for use with pulsed accelerators, E. R, Gaertt- 
ner and M. L. Yeatcr—588 

Instrument for measuring curvature of cloud-chamber 
tracks, E. R, Gaerttner and M. L. Yeater—S26(L) 
Large cloud chamber uaing rear illumination, E. W. Cowan 
-492 

22-inch Wilson cloud chamber in a magnetic field of 21,700 
gauss, Wilson M, Powell—403 

Computing Devices and Techniques 
Application of the electrical analogy in fluid mechanics 
research, Philip G. Hubbard—798 
Current integrator, H. T. Gittings, Jr.—325 (L) 

D.C. flat card resolver, R. G. Murdick—137(L) 
Developments in the useful circular nomogram, Douglas 
P. Adams and Howard T. Evans, Jr.—150 
Errors in second-order measuring instruments, Elliot T. 
Benedikt-229 

Note on analog computer design, J. A. Bronzo and H. G. 
Cohcn-101 

Percent transmission computer for infra-red spectra, C E. 
Zerwekh, Jr.-371(L) 

Procedure for the solution of certain network problems, 
John M. K:elso-9S9(L) 


Slide rule lor radiation calculations, M. W. Makowski— 
876 

Small differential analyzer with ball carriage integrators 
and selsyn coupling, R. E. Meyerott and G. Breit—874 
Some statistical considerations on coincidence counting, 
Arthur Sard and R. D. Sard—526(L) 

Statistical theory of the dead time losses of a counter, 
C E. Clark—51 

Statistics of counting rate meters, Ronald E. Burgess— 
964(L) 

Vacuum-tube current integrator of improved design, L. H. 
V. d. Tweel—323(L) 

Cosmic Rnyn 

Apparatus for cloud-chamber investigations with free 
balloons, E. J. Lofgren, E, P. Ney, and F. Cppenheimer 
—48 

Cloud-chamber equipment for study of infrequent cosmic- 
ray processes, W. Y. Chang and J. R. Winckler—276 
Counters and Counter Circuits 
Automatic stabilization of the overvoltage on a Geiger 
counter, H. R. Crane—^955 (L) 

Characteristics of halogen counters, Sidney H. Liebson— 
483 

Circuit for rapid determination of resolving power and 
other characteristics, H. de Waard—^911 
Circuit for the study of the operation of the Geigcr-Mullcr 
counter, Mario Alves Guimarsles and Palmyra Amazonas 
Sampaio—485 

Construction of beta-Geigcr counters from prefabricated 
thin wall tubing, F. E. Scnftlc, W. Havcrcroft, and P 
Hernandez—370 (L) 

Counter controllable high pressure cloud chamber, G, E 
Valley, and J. A. Vitale—411 
Counter pulse shape, C. D. Thomas—147 
Counting with Geiger counters, Homer E. Newell, Jr. and 
Eleanor C. Prcssly—-568 

Delays in rectangular (ieiger counters, G. E. Bradley, and 
M. L, Wicdenbcck—841 (L) 

Design and performance of a multicellular Geiger counter 
for gamma-radiation, David A. Lind—^233 
Differential counting with reversible dccase counting cir¬ 
cuits, Frederick H. Martens—424 
Distant counting of scintillations, E. P. Blizard and S. 
DcBcnedetti—81 (L) 

Double-channel, direct reading, low frequency counting 
rate meter, and counting rate comparator, Robert M. 
Kloeppcr and Frank E. Hoeckcr—17 
Electronic instrument for rapidly tracing the plateaux (y* 
G-M counters, G. H. Vaze—746(L) 

Experiments in the possibility of increasing the efficiency 
of gamma-counters, Hilding Slatis—353 
Fast neutron detector, W. G. Moulton and C W. Sherwin 
—766 

Gamma-ray counting efficiency for a lead-cathode G-M 
counter, E. ,T. Jurney and F, Haienschetn—932 
Ckiger-Mueller counting unit and external quenching equip¬ 
ment for the estimation of O* in carbon dioxide, W. B. 
Mann and & B. Parkinson—41 
Geiger tube quenching circuit for a negative high voltage 
supply, Richard John Watts—699(L) 

High resolution scale of four, Val Fitch—942 
Improved multivibrator quenching circuit, C. V, Robinson 
■r7S0(L) 

L(^-Hved self-quenching counter filling, L. G. Shore— 
956(L) 

Measuremesit of the thickness of thin Nylon films, A. I. 

McPherson and D. G. Douglas—457<L) 

Methane flow beta-^proportiongl cmuiter, Wilthun Bern¬ 
stein and Robert Ba!i^tino-^7 
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New method of measoring the stopping power of several 
materials for alpha^particles* F. Emmett Hammer and 
Frank E, Hoecker— 

* Note on sealing Nylon him to Geiger counters» R. A. 

■ Becker-«966(L) 

Octane vapor proportional counter, T. P» Pepper—222 (L) 
Parallel-plate counter, J. Warren Keuffel—202 
Pressure regulated thin window Gcigcr-Mueller counter, 
Michel Ter-Pogossian, J. Eugene Robinson, and J. 
Townsend—280 

Pulse-height limiting circuit for a scintillation detector, 
W. C Elmore—963(L) 

Rejuvenation of Gciger-Muellcr tubes, L. Shepard—^217(L) 
Scintillation counter as a proportional device, Rosalie C. 
Hoyt—178 

Scintillation counter for laboratory counting of alpha- 
particles, J. D. Graves and J. P. Dyson—560 
Statistical theory of the dead time tosses of a counter, 

C. E. Clark—51 

Statistics of counting rate meters, Ronald E. Burgess— 
964(L) 

Diidectrics 

Formation of insulating layers by the thermal decomposi¬ 
tion of ethyl silicate, Harold B. Law—^958(L) 

Methods for reducing insulator noise and leakage, F. M. 
Glassr~»239 

Variable temperature dielectric cell of wide frequency 
, range for solids and liquids, Edward B. Baker—^716 

uticity 

Apparatus for measurements of extremely high internal 
friction. Ting-Sui Kc and Marc Ross—795 
Stress-strain-time apparatus for fiber testing, C. H. Rei- 
chardt, H. Schaevitz, and J. H. Dillon—509 
Vibration detection by a quartz oscillator, Y. L. Yousef 
and F. Sultan—533 (L) 

Electrical Machinery 

Conversion of a motor generator into a low noise power 
amplifier, H. S, Sommers, Jr., P. R. Weiss, and W. 
Halpcrn—244 

Modification of the Gouy modulator, L. S. Darken—323(L) 

Electrical Measurements 

Apparatus for determining the effect of centrifugal force 
on the potentials of galvanic cells, B. Roger Ray and 

D. A, Macinnes—52 

Inductance apparatus for diamagnetic measurements, S, 
Broersma—660 

Method for measuring very high speed transient currents, 
A. M. Zarem and F. R. Marshall—133 
Sliding contacts to transmit small signals, Billy M, Horton 
—930 

Variable temperature dielectric cell of wide frequency 
range for solids and liquids, Edward B. Baker—716 
Wide range capadtance-conductancc bridge, Robert H. 
Cole and Paul M. Gross, Jr.—252 

Electrical Networks 

Automatic stabilization of the overvoltage on a Geiger 
counter, H. R. Crane—9SS(L) 

Circuits for minimizing transient effects on energy meas¬ 
urements in calorimetry* Harold J. Hoge—59 
Electromechanical lead networks for ax. servo mechanisms, 
Donald McDonald-77S 

Improved multivibrator quenching circuit, C. V. Robinson 
-7S0(L) 

Improving the response dtaracteristics of graphic record¬ 
ers, P. G. Sulzer bxjA A. H* Wayntek—320(L) 
Measurement of the series-resonant resistance a quartz 
crystal, L. A. Rosenthal and T* A, Peterson, Jr.—^ 
Method ^ asymmetrical pulse duration modulation, Rich^ 
a;rd John Watti--f^(L) 


Method of linearizing the voltage rise of a relaxation 
oscillator, R. J. Watts—81 (L) 

Note on constant current regulators, E. E. Minett, D. A. 

MacRae, and J. Townsend—136(L) 

Operation of voltage-stabilizing elements with current- 
stabilized supplies, J. J. Gilvarry and D. F. Rutland—633 
Parallel operation of a small thyratron, Paul G. Hansels 
—836(L) 

Photo-tube input impedance for a voltage stabilizer, E. N. 

Strait and W. W. Bucchner—783 
Pulse-height limiting circuit for a scintillation detector, 
W. C. Elmore—963 (L) 

Simple electronic relay, Robert H. Linnell and Helmut M. 
Hacndler-364(L) 

Transient response of high voltage resistance dividers, 
Harry J. Whitc--«7(L) 

Transistor trigger circuit, Herbert J. Reich and Robert 
L. Ungvary—586 

Electrometera and Eloctroacopea 

Electrometer amplifiers, V. J, Caldecourt—^748(L) 

Methods for reducing insulator noise and leakage, F. M. 
Glass—-239 

Precision automatic electrometer, N. T, Seaton—500 
Use of multigrid tubes as electrometers, J. R. Prescott— 
553 

Electron Diffraction 

Operational features of a new electron diffraction unit, 
Robert G. Picard, Perry C Smith, and John H. Reisner 
—601 

Electronic Inatrumenta 

Absolute noise thermometer for high temperatures and 
high pressures, J, B. Garrison and A. W. Lawson—785 
Amplitude bridge for detection of nuclear resonance, H. A. 

Thomas and R. D. Huntoon—516 
Circuit for rapid determination of resolving power and 
other characteristics of coincidence-systems, H. de Waard 
-911 

Current integrator, H. T. Gittings, Jr.—325 (L) 
Differential counting with reversible decade counting cir¬ 
cuits, Frederick H. Martens—424 
Direct reading pulse length meter and shape analyzer, 
Robert Rudin—467 

Double-channel, direct reading, low frequency counting 
rate meter, and counting rate comparator, Robert M. 
Klocpper and Frank E. Hoecker—17 
Double pulse constant current stimulator, Robert L. 
Schoenfeld—827 

Electromagnetic blood flow meter, J. W. Clark and J. E. 
Randall—951 

Electrometer amplifier, V, J. Caldecourt—748 
Electronic apparatus for the determination of the physical 
properties of freely falling rain drops, Ross Gunn—291 
Electronic instrument for rapidly tracing the plateaux of 
G-M counters, G. H. Vaze—^746 . 

Exposure meter for precision light dosage, Herbert F. 
ijiuncr—103 

Flexible high voltage square wave generator, Langdon C. 
Hedrick—781 

Geiger-Mueller counting unit and external quenching 
equipment for the estimation of C* in carbon dioxide. 
W. B. Mann and G. B. Parkinson—41 
A high resolution scale of four, Val Fitch—^942 
Improved synchronous detector, Walter C, Michels and 
Esther D. Redding—566 

Lock-in J2C oscillator, W. C. Elmore and D. Bancroft— 
136(L) 

Magnetic field strength meter using the proton magnetic 
moment, N. J, Hopkins—401 

Measurement of the spin of a projectile in flight, H* D. 
Warshaw--^ 
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Slectronic Instrammti (continued) 

New vacuum Carlton F. Johnson—364 (L) 
Preciskm automatic electrometer, N. T* Seaton--S00 
Production and measurement of ultra-high speed impulses, 
R. C F!ctcher---fi61 

Pulse amplitude analyzer for nuclear research using pre¬ 
treated pulses, C H. Westcott and G. C. Hanna—ISl 
Rotor balancing with an electronic capacitor gauge, H. D. 
Warshaw—474 

Several improvements on the ‘‘Philip’s gauge/’ C Hayashi, 
K. Hashimoto, K. Kaneki, K. Okamoto, and R, Sagane 
--524(L) 

Slmplift^ chronotron-type timing circuit, J. Warren Keuf- 
fcl—197 

Simple stable d.c. amplifier for measurement of bioelectric 
potentials, John W. Moore—698(L) 

Simplified emission regulator for mass-spectrometer ion 
sources—E* B. Winn and A. O. Nier— 773 
Single pulse voltmeter, G. T* Rado, M. H. Johnson, and 
M. MaIoof--927 

Ten-channel electrostatic pulse analyzer, Dean A. Watkins 
—495 

Thyratron square wave generator, Leonard Reiffcl—^218(L) 
Timer for short intervals, R. Stuart Mackay—-318(L) 
Tissue stimulators utilizing radiofrequency coupling, Otto 
H. Schmitt and Donald R. Dubbert—170 
Vacuum-tube current integrator of improved design, L. H. 
V. d. TweeI-323(L) 

Wide range radiation instrument, Leonard Reiffcl and 
Glenn Burgwald—711; Erratum—944 
Wide-range saw-tooth generator, Peter G. Suiter—78 

Electron Microscope 

Device (or producing an easily identified area on the elec¬ 
tron microscope specimen screen, Francis W. Bishop— 
324(L) 

Device to deposit automatically the proper thickness of 
metals used in shadow-casting in electron microscopy. 
Francis W, Bishop—527(L) 

Magnetic beam-spHtting focusing device for the electron 
microscope, Francis W, Bishop—532 (L) 

Electron and Ion Opdea 

Conditions for optimum luminosity and energy resolution 
in the axial ^-ray spectrometer with homogeneous mag¬ 
netic field, Jesse W. M. DuMond—160 
Construction and calibration of a cylindrical electrostatic 
analyzer, S. K, Allison, S* P. Frankel, T. A. Hall, J. H. 
Montague, A. H. Morrish, and S. D. Warshaw—735 
Design curves for 180** magnetic spectrometers, George E. 
Owen—^16 

Double magnetic lens nuclear spectrometer, Harold M. 

Agnew and Herbert L. Anderson—869 
Effect of space charge on the focusing properties of a 180** 
mass spectrometer, diaries F. Robinson—745 (L) 
Electromagnetic focusing device for the electron micro¬ 
scope, H. T. Meryman—955(L) 

Electron trajectories in a gamma-ray spectrometer, H. 
Hurwitz, Jr.*-^18(L) 

Erratum; Conditions for optimum luminosity and energy 
resolution in an axial ^-ray spectrometer with homo¬ 
geneous magnetic field, Jesse W. M* DuMond—616 
Focusing in a semidrcular magnetic spectrometer, C. M. 

Fowler, R, G. Shrcffkr, and J. M. Cbrk—966(L) 
Further improvements in magnetic focusing, L. Kerwin 
and Claude Geoffrion—381 

Improved magnetic focusing of cliarged particles, H, 
Hintenberger-748(L) 

Improved magnetic focusing of charged partkles, Larkin 
Kerwin-^ 

Instrumental distortions in the shapes ol continuous beta- 
spectra, George E. Owen and C Sharp Codb—7'68 


Large mass spectrometer employing crossed electric and 
magnetic fields, Thomas Mariner and WaUm Bleakney 
-i!97 

Note on the preparation of beta-ray sources, Lawrence M* 
Langer-^16(L) 

Optimum conditions for a 180^ beta-ray spectrometer, 
Claude Geoffiion—638 

Theory of the solenoid beta-ray spectrometer, E. Persico 
—191 

Trochotron design principles, G. W, Monk and G, K. 
Werner—93 

Electron Tubes 

Empirical balancing procedure for FP-54, F. C. Armistead 
—747(L) 

Extended range d.c. Was control of thyratron plate current, 
Leonard Reiffel—699(L) 

Parallel operation of a small thyratrtm, Paul G. Hansel 
—836(L) 

Photo-tube input impedance for a voltage stabilizer, E. N. 
Strait and W. W. Buechner—783 

Fluid Dynamics 

Application ol the electrical analogy in fluid mechanics 
research, Philip G. Hubbard—802 
Shock tube: A facility for investigations in fiuid dynamics, 
Walker Bleakney, D. K. Weimer, and C. H. Fletcher 
-807 

Gas Dischargaa 

Counter pulse shape, C. D. Thomas—147 
Erratum: A new discharge tube for the hydrogen atom 
spectrum, W. P. van Oort and A. C, S. van Heel—479 
Ionization flame detectors, Hartwell F. Calcotc—349 
New discharge tube for the hydrogen atom spectrum, W. P. 

van Oort and A. C. S. van Heel-319(L) 

Parallel-plate counters, J. Warren Kcuffel—^202 

Gas Handling and Measurement 
Accurate gas metering system for laminar flow studies, 
J, W, Andersen and R. Friedman—61 
Capillary collector for measuring the deposition of water 
drops on a surface moving through clouds, Bernard 
’ Vonnegut—110 

“Opener-upper” for gas samples, Francis J. Norton— 
620(L) 

Volumetric respirometer for aquatic animals, P, F. Scho- 
lander—885 

High Voltage Techniques 

Flexible high voltage square wave generator, Langdon C, 
Hedrick—781 

Geiger tube quenching circuit for a negative high voltage 
supply, Richard John Watts—699(L) 

On the design of a radiofrequency C^kroft-Walton ac¬ 
celerator, Paul Lorrain—216(L) 

StaWUzed high voltage power supply for ^cctrostatic 
analyzer, R. L. Henkel and B. Petree—729 
Transient response of high voltage resistance divklcrs, 
Harry J. White-«37(L) 

Voltage stabilization for electrostatic generators using afi 
electron gun. S. J. Bamc, Jr. and L. M, Baggett—839(L) 

lUuminatiQn 

High power short duration spark discharge, Leslie S. G. 
Kovaiznay—696(L) 

Large cloud chamber using rear illumination, E. W, 
Cowati—492 

Inlra-Red Technique 

Absorption cell a^ loader for use in microanal^^s by infra¬ 
red spectroscopy, Seymour H, WothhatH^^CL) 

New source of r^iation for iirfra-^red ipecfrotnehufir^W^ 
Hcrad!er-r«33(L) 
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Percent tranemission computer for infra*red spectra, C* £. 
Zcrwekh, Jr.-^71(L) 

Rapid infra-red gas analyser, Richard C. Fowler—175 
Theoretical and practical sensitivity of the pneumatic infra¬ 
red detector, Marcel J. E. Golay—816 
I n ter f erence and Interferometry 

thickness of thin Nylon fihns, A. L 
'McPherson and D, Douglas—457(L) 

tm^tion Chambere 

^^1^ ioniaation chamber for soft x-rays, Herman E. Sceman 
. ; —903 

'^Counting volume of a cylindrical ionization citamber, Nel¬ 
son M. Blachman—477 

Methods for reducing insulator noise and leakage, F. 
Glass—239 

Portable roentgenmeter for held use, C. C Lauritsen— 
964(L) 

Xon Sources 

High current ion source, Richard B. Setlow—558 
Magnetic ion source, Carl Bailey, D. L. Drukey, and F. 
Oppenheimer—189 
Isotope Separation 

Apparatus for isotope separation by thermal diffusion, 
W. W. Watson, L. Onsager, and A. Zucker—924 

X4dK>ratory Techniques 

Apparatus for the production of large metallic crystals by 
solidification at high temperatures, Louis Gold—115 
Cells drawn from tantalum, molybdenum, and platinum for 
high temperature research, George W. Ziegler, Jr., 
Rudolph Speiser, and H. L. Johnston—367 (L) 
Construction of beta-Geiger counters from prefabricated 
thin wall tubing, F. E. Senftle, W, Havercroft, and 
P. Hernandez—370 (L) 

Device for producing an easily identified area on the 
electron microscope specimen screen, Francis W. Bishop 
-324(L) 

Device to deposit automatically the proper thickness of 
metals used in shadow-casting in electron microscopy, 
Francis W. Bishop—527(L) 

Dry box for handling alkali metals and other extremely 
hygroscopic materials, Eugene E. Ketchen, Forrest A. 
Trumbore, W. E. Wallace, and R. S. Craig—524(L) 
Formation of insulating layers by the thermal decomposi¬ 
tion of ethyl silicate. Harold B, Law—958 (L) 

Glass vacuum valve, John Lambe—831 (L) 

Growing and processing of single crystals of 
metals, J. G. Walker, R, M. Bozorth, and H. J. Wil¬ 
liams—^7 

Kovar glass seals at liquid helium temperatures, C. T. 
Lane—140(L) 

Lead-in seals for kinetic high vacuum systems using rub¬ 
bers, Ralph C. Taylor and Carnot W. Ward-4S7(L) 
Mercury vapor trap to protect laboratory workers, James 
I Brophy-7S0(L) 

Method for preparing capillary tube samples for x-ray dif¬ 
fraction powder analysis, Paul J. Hagelston and H. W. 
Duntv—3/J(L) 

Note on removing the deuteron-induced color from quartz 
tanget plates, A. A. Schulke and R. £. Nuetle—623(L) 
Note on sealing H^on film to Geiger counters, R. A. 
3ecker-966(L) 

Note on the preparation of uniform metallic fdU, S. D, 
War«haW"^(L) 

On the vaemtm properties d silastic, G. D. Adams and 
W. C Shftrwin-9S7(L) 

'^Cipener-upper^ for gat samples, Fronds J* Norton— 

mth) 

axid use of tritium and deuterium targets^ 
K Grai^/A. A. RoMguet, M GoldhlatL and D. L 


Preparation of samples of active metals, Donald F, Clifton 
-830(L) 

Preparation of single crystal copper ribbons from single 
crystal copper rods, A. A. Petrauskas, E. A. Coombs, 
and J. E. MacDonald—961 (L) 

Pressure regulated thin window Gdger-Mueller counter, 
Michel Ter-Pogossian, J. Eugene Robinson, and J* 
Townsend—289 

Simple automatic water distiller, Narcssco Cordero and 
Imeo L. Lawas—840(L) 

Simple punch for precision cutting of photographic film in 
a cylindrical x-ray diffraction camera, £. J. Grill and 
A. a Weber—532 (L) 

Sliding contacts to transmit small signals, Billy M. Horton 

System for preparing semitransparent mirrors, Claude 
Frdnont—620( L) 

Technique for cutting metal single crystals, T. R. McGuire 
and R, T, Webber—962(L) 

Technique for the production of silica-filmed electron mi¬ 
croscope screens in quantity, Francis W. Bishop—529 
(L) 

Liquefaction of Gates 

Helium cryostat temperature control, 1. Simon—832(L) 
Kovar glass seals at liquid helium temperatures, C. T. Lane 
—140(L) 

Large helium liquefier, J. G. Daunt and H. L. Johnston 
—122 

Magnetic susceptibility balance for use at liquid lielium 
temperatures, T. R. McGuire and C, T» Lane—489 
Preparation of samples of active metals, Donald F. Clifton 
-830(L) 

Vibration absorber for gas holders, R. S. Craig and W, E. 
WalUce—369(L) 

Magnetiam 

Amplitude bridge for detection of nuclear resonance, H. A. 

Thomas and R. D. Huntoon—516 
Conditions for optimum luminosity and energy resolution 
in an axial /5-ray spectrometer with homogeneous mag¬ 
netic field, Jesse W. M. DuMond—160 
Design curves for 180° magnetic spectrometers, George £. 
Owen—916 

Double magnetic lens nuclear spectrometer, Harold M. 

Agnew and Herbert L. Anderson—869 
Electromagnetic focusing device for the electron micro¬ 
scope, H. T. Meryman—955(L) 

Erratum: Conditions for optimum luminosity and energy 
resolution in an axial /5-ray spectrometer with homo¬ 
geneous magnetic field, Jesse W. M. DuMondr—616 
Fast recycling cloud chamber and pulse magnetic field 
equipment for use with pulsed accelerators, £. R. Gaertt- 
ncr and M. L. Ycater—588 

Further improvements in magnetic focusing, Larkin Kcr- 
win and Claude Geoffrion—381 
Growing and processing of single crystals of magnetic 
metals, J. G. Walker, R. M. Bozorth, and H. J. Williams 
—947 

Improved magnetic focusing of charged particles, H. Hin- 
tenberger—748 (L) 

Improved magnetic focusing of charged parficles, Larkin 
Kerwin—36 

Inductance apparatus for diamagnetic measurements, S. 

Broersma-^ 

Magnet coils, L. G. Coonrod, W, E. Cecconi, C. Gedrmtis, 
iC R* Har^, and R* M, Lewis—408 
Magnetic deflector for mesons produced in the 184-indtk 
cydolron, Wolfgang K. K. Panofsky and Ernest A« 

Mayaetie stteng^ meter using the proton magnetic 
moment^ N* J. Hopkina—Ml 
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Magnetism (continued) 

Magnetic susceptibility balance for use at liquid helium 
temperatures, T. R. McGuire and C. T. X4me-»489 
Measurement of betatron guiding fields during electron 
ejection, E, C, Gregg, Jr.--841(L) 

New high sensitivity remanent magnetometer, Ellis A* 
Johnson, Thomas Murphy, and P* F. Michelsen—429 
Optimum conditions for a 180® beta-ray spectrometer, 
Claude Geoffrion*—636 

Sensitive magnetrometer for very small areas, Daryl M, 
Chapin—945 

Tachometer, A. E. Benfield—663 

Theory of the solenoid beta-ray spectrometer, E. Persico 
—191 

22-inch Wilson cloud chamber in a magnetic held of 21,700 
gauss, Wilson M, Powell—403 
Maas Spectrograph and Mass Spectrometer 
Design for a metal mass spectrometer tube, W. M. Hickam 
--472 

Effect of space charge on the focusing properties of a 180® 
mass spectrometer, Charles F. Robinson—^745 (L) 

Large mass spectrometer employing crossed electric and 
magnetic fields, Thomas Mariner and Walker Bleakney 
—297 

Mass spectrometer for continuous gas analysis. Jack A. 

Hunter, Ralph W, Stacy, and Fred A. Hitchcock—333 
Simplified emission regulator for mass-spectrometer ion 
sources—E. B. Winn and A. O* Nicr—773 
Trochotron design principles, G. W. Monk and G. K. 
Werner—^93 
Mechanics' 

Apparatus for measurements of extremely high internal 
friction, THng-Sui Ke and Marc Ross—^791 
Dynamics of a synchrotron with straight sections, Nelson 
M. Blachman and Ernest D. Courant—596 
Measurement of the spin of a projectile in flight, H, D. 
Warshaw—507 

Novel recording accelerometer, Arthur S. Iberall—304 
Rotor balancing with an electronic capacitor gauge, H. D. 
Warshaw—474 

Small differential analyzer with ball carriage integrators 
and sclsyn coupling, R. E, Meyerott and G. Brcit-^74 
Stress-strain-time apparatus for fiber testing, C. H. Rei- 
diardt, H. Schaevitz, and J. H. Dillon—509 
Vibration absorber for gas holders, R. S« Craig and W. E. 
Wallace-369(L) 

Meteorology and Meteorological Inatnunents 
Capillary collector for measuring the deposition of water 
drops on a surface moving through clouds, Bernard 
Vonnept—110 

Electronic apparatus for the determination of the physical 
properties of freely falling raindrops, Ross Gunn-^1 
Theoretical background of the multiple pressure tube 
anemometer, Paul R. Goudy and Henry F» Colvin, III 
-451 

Micro Manipulation 

Improved erabryological micromanipulator, Howard H. 

Hillcmann—836(L) ♦ 

Microsampling and nucroanalysis of metals, Donald F. 

Clifton and Cyril Stanley Smith—583 
Versatile microinjcction atid micropipetting syringe, John 
B. Buck-676 
Microwave Tadudquat 

High power attenuator for microwaves, Daniel Alpcrt—777 
Microwave polarimeter, Alfred E. Schwaneke and Zaboj 
V. Harvalik-337 

Microwave secondary electron multiplier, M* H. Green- 
blatt—646 

Sturk-effect microwave spectrograph of high sensitivity, 
K. B. McAfee, Jr., R. M. Hushes, and E. Bright Wilson, 
Jr«—821 


Mmochromatora 

Instrument for measuring curvature of cloud-chamber 
tracks, £. R. (^erttner and M. L. Yeater*^26(L) 
MultipHar: Blactron 

Automatic scanning and recording photometer for night 
sky studies, Douglas Marlow and J. C. Pemberton—724 
Convenient method for checking the linearity of an eiscllte 
multiplier circuit, George P. Kirkpatrick—81 (L) 

Fast neutron detector, W. G. Moulton and C W. Slttwin 
—766 

Scintillation counter as a proportional device, RosalliS C. 
Hoyt—178 

Scintillation counter. I, The existence of plateaus, Law¬ 
rence B. Robinson and James R. Arnold—549 
Microwave secondary electron multiplier, M. H. Green- 
blatt-646 

Secondary-emission electron multiplier tube for the detec¬ 
tion of high energy particles, Robert P. Stone—935 

New Inatrumenta 
Absolute pressure gauge—86 
Accelerometer—626 
Alpha-particle counter—375 
Aneroid altitude standard—^754 
Atomic clock—141 
Automatic scaler—626 
Bcta-gamma-scaler—88 
Beta-gauges—628 
Binac—753 

Bridge and amplifier—968 
Bridgcr—537 

Civilian walkie-talkies—143 
Coatingage—377 
Color computing device—626 
Continuous hydrogenation unit—85 
Counters—704 
Counter tube—629 

Deadtime and recovery of Geiger counters—627 

Dielectric constant meter—754 

Direct coupled amplifier—844 

Dual-channel oscilloscope—845 

Earth-shock acceleration detector—90 

Electronic microammeter—538 

Electronic motor control—462 

Electronic voltage supply—970 

Electron microscope accessories—844 

Electron multiplier photometer—377 

Fatigue tester-^9 

Frequency standard—968 

Gamma-ray detection tube—628 

Gas analysis—756 

Geiger counter for prospecting—536 
Giermanium diodes—^ 

Graphic recorder—376 
Gyros—328 

Hand alpha-counter—225 
Hand torch—330 

High accuracy mercury manometer—89 

High current rectifiers—843 

High frequency voltmeter—626 

High speed mechanical sampler—845 

High stability carbon resistors—330 

Hivolt power supplies—327 

Hydrostatic impulse gauge—142 

Imped^ce bridge—7M 

Induction traoar—630 

Infra-red analyser—326 

Interpolator for UHF nicasttrement>^S9 

Iron chaittbw-^7 

Laboratory balance—330 
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Low frequency oiciUo»eopo«-*62S 
Low ranffe air odla"427 
liigaetic Bux meter-^S 
Ifagnetic test 8et**S6 
Mica window oountar-^844 
Mkrondcfoaimneter^^S 
1iiOroscope^-*A46 
Micfo-spectroscopy*-^ 

IBMeowave dielectrometer—224 
innrowave power meter—377 
]||Bpp^ meter—87 

Miniature adjustable-speed drive—463 
Multichannd switch—^ 

Multirange kilovoltmeters—85 
New alplu-particle counter—227 
Noise generator—629 
Nucleometer—374 
OKlllator—702 
Peak voltage rectifiers—753 
Phase-contrast microscope—535 
Phase meter—464 

Phase meter and field strength meter—630 

Phase monitor—969 

Photo-tube—^754 

Piezoelectric gauges—90 

Platinum resistance thermometer—971 

PoHnear recorder—702 

Portable scaling-type radioactivity detector—$36 

Precision-regulated d.c. power supply—64 

Precision Warburg apparatus—329 

Preparative centrifuge—537 

Projection oscilloscope—460 

Proportional counter—705 

Pul^ x-rays—86 

Pyrometer controller—757 

Rsuliation counter—757 

Radiation meter—374 

Radiation standards—225 

Radioactivity demonstrator—142 

Raychronomctcr—535 

RCA electron dififraction unit—83 

Recording system—461 

Regulated power supply—83 

Regulated power supply—538 

Resiitduneter—755 

R-! capacitance meter—227 

R-f power supply—705 

R-£ Z-angle meter—88 

Rony Niotroraetcr—329 

Secondary frequency 8tandards-~B42 

Sdenium rectifiers—143 

Sensitive integrator—464 

Signal generator—461 

suit compass—460 

Slated line and standing wave indicator—144 

Slotted line and video oscilloscope—461 

Sound measurement—376 

Speedtgratn—706 

S|iiral cotttraetiometer—226 

iHK^wdddr—843 

S|Mting*coilittg machine—755 

**Super«^Regulated'* power si^y—226 

TaclkMiieieiMi29 

Tempeialtttw tri^ 

Tem^P teatsetv428 
Thennmpe^ 

Tfist^coBe—84 
IWqkie cottvetter—7S8 
Tiimintisaion nums^^ 

UlltaiQnktt^^ 


Ultrasonic generator—375 
Ultrasonic generator—703 
Ultrasonic generators—141 
Ultraviolet microscope—968 
Vacuum pump—70S 
Vibration measurement equipment—143 
Vibration measurements--462 
Vibration meter—88 
Viscosimeter—463 
Wave generator—970 
Wave<-guide test equipment—757 
Wave-guide windows—536 
Wide-^d amplifier—706 
Wide-band amplifier—756 
Wide-band chain amplifier—224 
Wide-range power supply—375 
X-Y recordcr-970 
Newllaterials 
Asbestos tubing—709 
Ashless filter material—710 
Anti-fogging cleaning cloth—146 
Bonding process—539 
Carbide blanks-380 
Carbide milling cutters—380 
Carbide tubing—710 
Castable refractory—92 
Casting sealant—539 
Cellulose ester thermoplastics—632 
Cellulose gum—379 
Centrifugal castings—380 
Colloidai graphite—539 
Conductive coatings—631 
Copper-tungsten contacts—145 
Core binder—539 

Corrosion-resistant immersion heaters—632 

Crystalline antibiotic—632 

Cutting oil additive—848 

Dry cell-332 

Ductile cast iron—331, 972 

Felt gaskets—466 

Fire-retardant paint-432 

Fireproofing cement—972 

Flexible conduit—331 

Flexible copper tubing—145 

Gasket coating—540 

Glass-—379 

Glass for lighting fixtures—972 
Glass phenolic laminate—379 
Glycol synthesis—632 
Graded-glass studs—224 
Graphite-filled Nylon—632 
Hafnium-847 
Heat exchange tubing—432 
Heat resistant phenolic—540 
Heat-resistant plastic tubing—146 
Heat-resistant polystyrene—92 
Hermetic seals-431 
High pressnre lubricant—759 
Hiidi strengtii varnish—224 
High temperature flexible tubing—332 
High temperature plastic—540 
Hydraulic ftuid-44S 
Improved carbide lor tools—847 
Industrial preservative—465 
InitrumenHdeamfig soliutions—146 
Imidating bushings—380 
Instttating film—^ 

Laboratory ^loducts—760 

metal' '"^84?' 
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N«nr Materials (continued) 

Lay-out plate—539 

Lens cleaner— 92 

Lined steel pipe—632 

Low temperature alloy steel—759 

Magnet materials—^972 

Mercury-cleaning process—759 

Metal cleaners—972 

Metal stripper—224 

Metallurgical products—847 

Neoprene floor mat—332 

New nickel alloys—466 

New resin—146 

Number-eexied wire—760 

Nylon anode bags—466 

Paint remover—848 

Phosphor bronze wire—380 

Photographic hypo— 972 

Plastic bell jar™-379 

Plastic-coated steel tubing—710 

Plastic field lens—466 

Plastic for film or fabric—223 

Plastic pipe—92 

Polystyrene cement—760 

Pre-cementing adhesive—760 

Precision castings—710 

Protective coating for metals—466 

Protective coating for steel—709 

Relaxation machine—703 

Resistance alloy—710 

Rubber-insulated heating element—709 

Rubber seal—847 

Rust preventive wrapper—^92 

Scintillation crystal—759 

Sealed terminal bushings—145 

Self-adhesive wire markers—146 

Silicone-coated carbon resistors—632 

Silicone Fiberglas sleeves—379 

Silicone rubber—223 

Small aluminum tubing—91 

Soldering and brazing—707 

Special cooling oil—848 

Stainless steel clad sheets—380 

Strapping tape—332 

Strippers for organic finishes—146 

Strong laminate—466 

Synthetic calcium tungstate crystals—145 

Synthetic wax—972 

Temperature indicators—332 

Thermosetting adhesive film—92 

Titanium—91 

Tungsten powder—380 

Ultra-fine abrasive powders—92 

Ultra-sensitive photographic emulsion—145 

Use for dri-film—540 

Wetting agent—146 

Komograma 

Developments in the useful circular nomogram, Douglas P, 
Adams and Howard T. Evans, Jr.—ISO 

Non-Liiwar Elements 

Electrolytic thermistors, F. Gutmann and L, M. Simmons 
-674 

Nucleer Machines 

Betatrons 

Measurement of betatron guiding fields during electron 
ejection, E. C Gregg, Jr.—841 (L) 

Cyclotrons and Synchrotrons 
Design of the radiofreguency system for the 184-Jncb 
cyclotron, K. R, MacKenzie, F. H. Schmidt, J, R. 
Woodyard, and L. F, Wouters—126 


Dynamics of a synchrotron with straight sections, Nelson 
M. Blachman and Ernest D, Courant—596 
Instrumentation for nuclear studies with externally 
focused deuteron beam from ten-Mcv cyclotron, B. H. 
Curtis, J. L. Fowler, and L. Rosen—388 
Magnetic deflector for mesons produced in the 184-inch 
cyclotron, Wolfgang K. H. Panofsky and Ernest A. 
Martinelli—286 

Operation of the 184-inch cyclotron, L. R. Henrich, 
D. C. Sewell, and J. Vale—887 
Orbital stability in a protron synchrotron, R. Q. Twtss 
and N. H. Frank—1 

Pulsed oscillator for f-m cyclotron, J. W. Burkig, E. L. 
Hubbard, and K, R. MacKenzie—13S(L) 

Electrostatic Generators 

Large straight through vacuum valve for Van de Graaff 
generators, B. Jennings—366(L) 

Stabilized high voltage power supply for electrostatic 
analyzer, R. L. Henkel and B. Petree—729 
Statitron for a small nuclear laboratory, D. R. Inglis, 
R. W. Krone, and S. S, Hanna—834 (L) 

Voltage stabilization for electrostatic generators using 
an electron gutf, S. J, Bame, Jr. and L. M. Baggett— 
839(L) 

Linear Accelerators 

On the design of a radiofreguency Cockroft-Walton ac¬ 
celerator, Paul I^rrain—216(L) 

Nuclear Technique 

Calibration of photographic emulsions for low energy elec¬ 
trons, L. Cranberg and J. Halpcrn—641 
Construction and calibration of a cylindrical electrostatic 
analyzer, S. K. Allison, S. P. Frankel, T. A, Hall, J. H. 
Montague, A. H. Morrish, and S. D. Warshaw—735 
Design and performance of a multicellular Geiger counter 
for gamma-radiation, David A. Lind—^233 
Distant counting of scintillations, E. P. Blizard and S. 
DcBenedetti—81 (L) 

Fast neutron detector, W. G, Moulton and C, W. Sherwin 
—766 

Instrumentation for nuclear studies with externally focused 
deuteron beam from ten-Mev cyclotron, B, R. Curtis, 
J. L. Fowler, and L. Rosen—388 
Lead brick for shielding, Luther E. Preuss—534(L) 
Magnetic deflector for mesons produced in the 184-inch 
cyclotron, Wolfgang K. H, Panofsky and Ernest A. 
Martinelli—286 

Note on removing the deuteron-induced color from quartz 
target plates, A. A, Schulke and R. E. Nuclle—4i23(L) 
Note on the preparation of beta-ray sources, Lawrence M. 
Langcr—216(L) 

Pantograph and tilting stage for use with nuclear plates, 
Ian Barbour—530(L) 

Photomicrography of tracks in nuclear research emulsions, 
Adair Morrison and Fred Morton—341 
Portable roentgenmeter for field use, C. C. Lauritsen— 
964(L) 

Preparation and use of tritium and deuterium targets, E. R. 
Graves, A. A. Rodrigues, M. Goldblatt, and D. L Meyer 
-579 

Pulsed amplitude analyzer for nuclear researdi using pro- 
treated pulses, C. H. Westcott and G. C. Hanna—181 
Scintillation counter. I, The existence of plateaus, Law¬ 
rence B. Robinson and James R, Arnold—549 
Secondary-emission electron multiplier tube lor the de¬ 
tection of high energy particles, Robert P. Stone—935 

Optlea, O ao mtri cal 

Multiple-reflection optical lever, H, O. Hoadley—^ 
Smalt portable reflectometer, W. Liben and N. W. Scott 
-960(L) 
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Phyeical 

Apparatus for electrode reversal in the Tiselius electro- 

> , phoresis equipment* H. Tint—-617 
Equipment and experimental methods for interference dif¬ 
fusion studies* Louts J. Costing* Edwin M. Hanson, 
Gerson Xegeles, and Margaret S. Morris— 209 
Equipment for measuring light scattering* M. Bier and 
F. F. Nord-752(L) 

Interferometric study of supersonic channel flow, Daniel 
pershader—260 

Optical properties of surface films, II., Alexandre Rothen 
and Marjorie Hanson—66 

DtdlloacopM 

llethod for measuring very high speed transient current* 
A. M. Zarem and F. R. Marshall—133 

PhotoelMticity 

Method of assessing transient stresses in photoelastic sub¬ 
stances, John S. Stanton—139(L) 

Photography 

Calibration of photographic emulsions for low energy elec¬ 
trons* L. Cranberg and J. Halpern—Ml 
Detection of Ca**, 1***, P”, and Zn** by photographic film, 
Daniel Steinberg and A. K. Solomon—655 
Ictmoscope electro optical shutter for high speed photo¬ 
graph, H. A. Prime and R. C. Turnock—830(L) 
Non-uniform shrinkage of x-ray films, M. H. Jellinek— 
368(L) 

Pantograph and tilting stage for use with miclear plates, 
Ian Barbour—530(L) 

Photomicrography of tracks in nuclear research emulsions, 
Adair Morrison and Fred Morton—341 

Photomgtry 

Accurate, simple recording microphotometer, P. Rosen- 
blum and A. DcBrettevillc, Jr.—321 (L) 

Automatic scanning and recording photometer for night 
sky studies, Douglas Marlow and J. C, Pemberton—7^24 
Calibration of photographic emulsions lor low energy elec¬ 
trons, L. Cranberg and J. Hal^rn—641 
Exposure meter for precision light dosage, Herbert F. 
launer—103 

Pieao«lectricity 

Measurement of the series-resonant resistance of a quartz 
crystal, L. A. Rosenthal and T. A. Peterson, Jr.—426 
Vibration detection by a quartz oscillator, Y. L. Yousef 
and F. Sultan—533(L) 

Pr«Mttr« Tachnique 

, Absolute noise thermometer for high temperatures and 
high pressures, J, B. Garrison and A. W. Lawson—781 
Counter controllable high pressure cloud chamber, G. E. 
Valley and J. A. Vitale—411 

Recording mechanical pressure gauge of high range, Paul 
M. Higgs—23 

Self-contained recording pressure gauges David R. Brown, 
WtlHam C, Galloway, Jack B, Rol^rtson, and Gene A. 
Silvcy-27 

X-ray camera for obtaining powder pictures at lugh pres¬ 
sures—A. W. Lawson and N, A. Riley—763 

Pyrometry 

Ionization flame detectors, Hartwell F. Ca!cote~-449 

Ridlitioti and Radiomotry 

Effect ol temperature on the steady-state seniivity of 
yactnim radiation detectors, I. Amdur and N. L. Brown 
-435 

Slide rule for radiation calculaticms, M, W* Makowrid 
-^6 

Theoretical and practical aeoilttvity ol the pneumatic infra- 
detmor, Marcel J. E, Golay—816 


Radioactive Techniques 

Characteristics .of halogen counters, Sidney H. Liebson— 
483 

Counting with Geiger counters, Homer E. Newell, Jr. 
and Eleanor C. Pressly—568 

Detection of Ca“, P”, P**, and Zn** by photographic film, 
Daniel Steinberg and A. K. SoIomon-^55 
Gamma-ray counting cfliciency for a lead cathode G-M 
counter, E. T. Jurney and F, Maienschein—932 
Methane flow beta-proportional counter, William Bernstein 
and Robert Ballcntlne—347 

New method of measuring the stopping power of several 
materials for alpha-particles, F. Emmett Hammer and 
Frank fe, Hocckcr—394 

Rapid response radiation alarm, R. L. Macklin and E. R 
Rohrer—965(L) 

Some statistical considerations on coincidence counting, 
Arthur Sard and R. D. Sard—526(L) 

Wide range radiation instrument, Leonard Reiffcl and 
Glenn Burgwald—711; Erratum—944 

Servo Mechanism 

Conversion of a motor generator into a low noise power 
amplifier, H. S, Sommers, Jr,, P, R, Weiss, and W. 
Halpem—244 

Device for producing rate-proportional damping signal in 
servo systems, L. W. Herscher—459(L) 
Electromechanical lead networks for a.c. servo mechanisms, 
Donald McDonald—775 

Servo employing the magnetic fluid clutch, E. S. Bettis 
and E. R. Mann—97 

Voltage stabilization for electrostatic generators using an 
electron gun, S. J. Bame, Jr. and L. M, Baggett—839(L) 
Use of anodized aluminum in the construction of calorim¬ 
eter heaters, George W. Murphy—372 (L) 

Vacuum lock for continuously evacuated systems, D. Saxon 
and J. Richards—745(L) 

Welder for attaching fine wires to massive metal bodies, 
W. J. Trott-4i24(L) 

Spectra and Excitation 

New discharge tube for the hydrogen atom spectrum, W. P. 

van Oort and A. C. S. van Heel—319(L) 

New source of radiation for infra-red spectrometers, L. W. 
Herscher—833 (L) 

Spectroscopy and Spactrometers 
Absorption cell and loader for use in microanalysis by 
infra-red spectroscopy, Seymour H, Wollman—^220 (L) 
Stark-effect microwave spectrograph of high sensitivity, 
K. B, McAfee, Jr,, R. H. Hughes, and E. Bright Wilson, 
Jr.-S21 

Superaonica 

Interferometric study of supersonic channel flow, Daniel 
Bershader—260 

Surface Physica 

Optical properties of surface films, II, Alexandre Rothen 
and Marjorie Hanson—66 

Thermodynamica 

New technique for the determination of heats of sublima¬ 
tion of slightly volatile substances, O, C. Simpson and 
R. J. Thom—504 

Regulation of temperature in the application of high fre¬ 
quency induction heating to thermodynamic measure¬ 
ments, Rudolph Speiscr, George W. Ziegler, Jr., and 
Herrick L. Johnston-^5 

Theoretical and practical sensitivity of the pneumatic infra¬ 
red detector, Marcel J. E. Golay—816 

IWtiioilactridity 

Effect of temperature on the steady-state sensitivity of 
vacuum radiation detectors, L Amdur and N, L, Brown 
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Tb«nnoinetry and Tempmture Control 
Absolute noise thermometer for high temperatures and 
high pressures, J. B, Garrison and A. W. Lawson—785 
Apparatus for the production of large metallic crystals by 
solidification at high temperatures, Louis Gold—115 
Cells drawn from tantalum, molybdenum, and platinum for 
high temperature research, George W. Ziegler, Jr., 
Rudolph Speiser, and Herrick L. Johnston—367 (L) 
Design and equipment for thermal studies, Robert J. Teitle 
—575 

Device for the measurement of rotor temperatures in the 
air-driven ultracentrifuge, P. G. Ecker, J. Blum, and 
C W. Hiatt—799 

Direct experimental comparison of several surface tem¬ 
perature measuring devices, Alice M. Stoll and James 
D. Hardy—678 

Helium cryostat temperature control, L Simon—832 (L) 
High temperature x-ray diffraction camera, James W. 
Edwards. Rudolph Speiser, and Herrick L. Johnston 
—343 

High temperature x-ray diffraction techniques, J. J. Lander 
-82(L) 

Modification of the Gouy modulator, L. S. Darken—323 (L) 
Regulation of temperature in the application of high fre¬ 
quency induction heating to thermodynamic measure¬ 
ments, Rudolph Speiser, George W. Ziegler, Jr., and 
Hcrridc L. Johnston—^385 

Sensitivity of Schwarz-Hilger thermopiles, E. Schwarz 
-962(L) 

Use of anodized aluminum in the construction of calorim¬ 
eter heaters, George W. Mm^phy—372 (L) 

Vacuum-tube relay for thermostat control, 1. Sucher and 
H. S. Anker-321 (L) 

Variable temperature dielectric cell of wide frequency 
range for solids and liquids, Edward B. Baker—716 
Wet bulb temperatures without a wick, Kenneth H. jehn 
-668 

Time Measurement 

Circuit for the study of the operation of the Geiger-Mitller 
counter, Mario Alves Guimar^es and Palmyra Amazonas 
Sampai(j—485 

Delays in rectangular Geiger counters, G. E. Bradley and 
M. L. Wiedenbeck—841 (L) 

Direct reading pulse length meter and shape analyzer, 
Robert Rudin-^67 

Fractional microsecond x-ray pulse generator for studying 
high explosive phenomena, H. I. Breidcnbach, Jr.-^99 
Iconoscope electro-optical shutter for high speed photogra¬ 
phy, H. A. Prime and R. C. Turnock—830(L) 
Production and measurement of ultra-high speed impulses, 
R. C. Fletcher—861 

Simplified chronotron-type timing circuit, J. Warren Keuf- 
fel—197 

Tachometer, A. E. Benfield—663 

Timer for short intervals, R. Stuart Mackay—318(L) 

Vacutun Technique 

Cadmium trap for arresting mercury vapor, T. Wilmer— 
527(L) 

Design of equipment for thermal studies, Robert J. Tcitcl 
—575 

Flexible vacuum seal, Otto Rctzloff—324 (L) 

Glass vacuum valve, John Lambe—831 (L) 

Large straight through vacuum valve for Van dc Graaff 
generators, B. Jennings—366 (L) 

L^d-in seals for kinetic high vacuum systems using rub¬ 
bers, Ralph C. Taylor and Carnot W. Ward—457 (L) , 
Mercury vapor trap to protect laboratory workers, James 
J. Brophy—7S0(L) 

New principle in controlled vacuum leaks, C. H. Bachman 
-219(L) 


New type of diffusion pmnp, £. L. Harrington—761 
New vacuum gauge, Carlton F. Johnson—364(L) 

On the vacuum properties of silastic, G. D. Adams and 
W. C. Sherwin—9S7(L) 

Precision vacuum gauge, G. C. Fryburg and J. H. Simons 
—541 

Pumping speed of diffusion pumps below limiting presittre, 
Clifford E. Bcrry-83S(L) 

Several improvements on the “Philip’s Gauge,” C. HagaiAii, 
K. Hashimoto, K. Kaneki, K. Okamoto, and R. Sigane 
-524(L) . 

Toggle-operated vacuum valve, Ralph O. McIntosh asm 
John W. Coltman—135(L) 'i 

Ultimate vacua of diffusion pumps, G. W. Sears—458(L) 
Use of characteristic curves for pump-speed vs. pressure, ^ 
Saul Dushman—139(L) 

Use of gas traps in barometers, laboratory mercury lamps, 
etc., E. L. Harrington—368 (L) 

Vacuum lock for continuously evacuated systems, D. Saxon 
and J. Richards—745(L) 

Vacuum tight, flexible metal—glass seal, K. M. Sancicr— 
958(L) 

X<*Ray Diffraction ^ 

Absorption corrections in x-ray studies of preferred orien¬ 
tation, J. F. H. Custers—752 

Absorption corrections in x-ray studies of preferred orien¬ 
tation, R. Smoluchowski and R. W. Turner—173 
Accurate, simple recording microphotometer, P. Rosen- 
blum and A. DeBrctteville, Jr.—321 (L) 

Apparatus for producing powder-like x-ray diffraction pat¬ 
terns from single crystals, F, W. Matthews and A. 0. 
McIntosh—365(L) 

High temperature x-ray diffraction camera, James W. Ed¬ 
wards, Rudolph Speiser, and Herrick L. Johnston—343 
High temperature x-ray diffraction techniques, J. J, 
Lander—i2(L) 

Improved low angle x-ray diffraction camera, Barbara A. 

Wright and Peter A. Cole—355 
Instrument for measurement of x-ray diffraction patterns. 
John A. Bennett—908 

Instrument for rapid determination of crystal orientation. 

R. H. Gillette and M. H. Jellinck-480 

Low temperature single crystal x-ray diffraction technique, 
H. S. Kaufman and I. Fankuchen—733 
Method for preparing capillary tube samples for x-ray dif¬ 
fraction powder analysis, Paul L. Hagelston and Harris 
W. Dunn—373 (L) 

Modification of x-ray diffraction micro-camera to permit 
study of long spacings, M. E. Bergmann and L Faii-;| 
kuchen—696(L) ^ 

New techniques applied to the Buerger precession camem 
for x-ray diffraction studies, Howard T. Evans, Jr„ 

S. G. Tilden, and Douglas P. Adams—155 
Non-uniform shrinkage of x-ray films, M. H. JcUinw- - 

368(L) 

Note on the accuracy of the Buerger precession camera, 
Howard T. Evans, Jr.—751 

Sample scanning mechanism for x-ray diffraction, J. W. 

Hickman and A. G. Klcinknecht—573 
Simple punch for precision cutting of photographic in 
a cylindrical x-ray diffraction camera, E. J. Gijll Jitid 
A. H. Weber—S32(L) j, 

Straumanis* method of film-shrinkage correction tnodmed 
for use without high angle lines, A. J. C. Wilson—8J1(L) 
X-ray camera for obtaining powder pictures at higli pres*: 
sures, A. W. Lawson and N. A. Riley—763 
X«Ray l^uipmant 

Air ionization chamber for soft x-rays, Herman E. Seeman 
—J9Q3 

Fractioi^ microsecond x-ray pulse generator for studying , 
high ^plosive phenomena, H. I. Breidenbach, Jr,—899i|! 
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